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Foreword 
For many years engineers have experimented with mixtures of soil and cement in 

an attempt to produce a low-cost durable paving material that would utilize native soils. 
An enterprising paving contractor in Sarasota, Florida, probably built the world's 

f irst soil-cement in 1915 without realizing that he was making history. According to 
eyewitness accounts, a section of Oak Street was built by dredging shell from the bay, 
mixing it with sand and cement with a plow and then compacting the surface with a 10-
ton steam roller. Inasmuch as the street was authorized by the city council for con
crete paving, speculation is that the contractor, the late Bert Reno, resorted to the 
unorthodox method of construction after a breakdown of concrete mixing equipment. 

As early as 1917 a patent was issued for "Soilamies" which was a mixture of soil 
and Portland cement. In 1920 another patent was issued for "Soilcrete" for highway 
use. During the 1920's several state Highway departments, including Iowa, South Da
kota, Ohio, California and Texas, experimented with mixtures of soil and cement for 
paving. However, because of lack of knowledge of the application of soil science to 
road building the experiments produced unpredictable results. 

In 1932 the South Carolina State Highway Department began investigations of mix
tures of soil and cement under the leadership of the late Dr. C. H. Moorefield, then 
Chief Highway Commissioner. Several test sections were built in 1933 and 1934. The 
performance of these test sections showed that soil and cement were compatible ma
terials and that they could be mixed together to form a low-cost base material for 
roads. These early South Carolina experiments are described in two articles by Mills 
(1, 2). 

The excellent work of the South Carolina State Highway Department stimulated more 
studies by them and an extensive research program by the Portland Cement Association 
initiated in January 1935 under the direction of F. T. Sheets, Consulting Engineer, and 
M. D. Catton, Development Department. An important key to soil-compaction technol
ogy and later to the development of soil-cement came with the discovery in 1929 of the 
moisture-density relationship in soil compaction. As a result of these studies, de
pendable and predictable test methods were developed which can be used to determine 
the quantities of soil, cement and water to use. These tests—the moisture-density, 
wet-dry and freeze-thaw—have since been adopted as standards by the American Socie
ty for Testing Materials and by the American Association of State Highway Officials. 

To confirm results of the laboratory research, the South Carolina State Highway 
Department, Bureau of Public Roads, and the Portland Cement Association cooperated 
in construction of a i y 2 - m i section of pavement near Johnsonville in the fa l l of 1935. 
This project became known as the f i rs t "engineered" soil-cement road. 

The success of the Johnsonville, South Carolina, test road led to additional exper
imental sections in 1936 in South Carolina and in Illinois, Michigan, Missouri and Wis
consin. The Portland Cement Association's laboratory experiments and construction 
reports on the 1935 and 1936 road work are reported in the HRB Proceedings, Vol. 17, 
Pt. n, and in HRB Proceedings, Vol. 18 (5). In 1937 eight more states built their f i r s t 
soil-cement projects. Simple, routine construction procedures were quickly learned 
and improvements were made as more projects were built (3, 4, 6). By 1940 over 1% 
million square yards of soil-cement had been built in the United States, mostly on 
roads and streets. The use of soil-cement for airports received impetus during World 
War n . During this period, when speed was important, many notable airport construc
tion records were set with soil-cement often under adverse conditions. During the 
war period, 1941-1944, 22 million square yards of soil-cement airports were built, 
whereas relatively few roads were built. As the long-delayed highway building program 
got under way after World War I I , the use of soil-cement for roads and streets increas
ed rapidly. Its use also spread to other uses such as subbases for portland cement con
crete pavements, shoulders, widening, parking and storage area, and conservation 
uses such as linings for reservoirs, ditches and canals (7). By 1960 the annual use of 
soil-cement in the United States and Canada reached 46 million square yards with a 
total constructed yardage to that date of almost 294 million square yards. 

In addition to the widespread use in the United States, soil-cement has been used ex
tensively in England, South Africa, the Middle East, South America and Germany (8). 



The rapidly expanding applications of mixtures of soil and cement have resulted in 
the use of several different terminologies such as soil-cement, cement-treated base, 
cement-modified soil and plastic soil-cement. To avoid confusion, the Highway Re
search Board's Committee on Soil-Portland Cement Stabilization has prepared defin
itions for the various uses and types of mixtures of soil and cement (9). These term
inologies, which are used in this bulletin, are defined m the "Introduction." 

This bulletin summarizes the available information on mixtures of soil and cement. 
Included are data on its properties, factors influencing these properties, soil sampling 
procedures, laboratory test methods, structural design practices, construction and 
field control procedures, and field performance records. 

The rough draft which served as the starting manuscript for this committee report 
was prepared by A. W. Johnson, Engineer of Soils and Foundations, Highway Research 
Board, who used it in preparing a more condensed contribution for McGraw-Hill Book 
Company's "Highway Engineering Handbook," Kenneth B. Woods, Editor-in-Chief. 

Sincere appreciation is expressed to all concerned for permission to use the origin
al manuscript, which was brought up-to-date and edited by a subcommittee comprised 
of Donald T. Davidson and E.G. Robbins. 

During 1960, the Committee circulated a questionnaire concerning the use of soil-
portland cement stabilization. The replies to that questionnaire are given in the Appen
dix, entitled "Report on Soil-Portland Cement Stabilization Practices." 

Donald T. Davidson, Chairman 
Committee on Soil-Portland 
Cement Stabilization 
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Introduction 
Cement stabilization consists of a mixture of pulverized soil and measured amounts 

of Portland cement and water, compacted to a high density and protected against mois
ture loss during a specified curing period. 

Tlie following definitions of nuterials, types of cement-treated soil and uses, pre
pared by the ffighway Research Board's Committee on Soil-Portland Cement Stabiliza
tion, are adhered to in tliis bulletin (9). 

DEFINITION OF TERMS RELATING TO SOIL-PORTLAND 
CEMENT STABILIZATION 

Uses of Soil-Cement 
Soil plus cement, by definition, gives a cement-treated soil. The uses of soU-ce-

ment are as follows: 
Plastic Cement-Modified 

Soil-Cement Soil-Cement Soil 
Base Canal linings Base 
Subbase Ditch linings Subbase 
Subgrade Slope facings Subgrade 

Materials 
Soil. —Stone, gravel, sand, silt, clay, or any combination thereof as defined by 

AASHO M145 and M146. 
Note: Particle size, rather than origin of material, is the basis of the foregoing 

definition. Cinders, crushed stone, slag, chert, caliche, etc., are thus considered 
within the definition of soil. 

Portland Cement. —The product obtained by pulverizing clinker consisting essential
ly of hydraulic calcium silicates to which no additions have been made subsequent to 
calcination other than water and/or untreated calcium sulfate except grinding aids and 
sometimes air-entraining agents and/or granulated blast-furnace slag. 

Cement-Treated Soil. —An intimate mixture of pulverized soil, Portland cement and 
water. 

Note: Definition implies no quality specification and only states that portland cement 
and water have been added to the soil. 

Soil-Cement. —A hardened material formed by curing a mechanically compacted int i 
mate mixture of pulverized soil, portland cement and water. 

Note 1: Durability and/or compressive strength are the common criteria for hard
ness. The standard for hardness varies. 

Note 2: The term soil-cement is sometimes incorrectly used in a broad sense to in
clude all types of cement-treated soil. (Material specified in California and some west
ern states as Cement-Treated Base, Class A (and also most Class B and Class D mix
tures) satisfies criteria for soil-cement.) 

Cement-Modified Soil. —An unliardened or semihardened intimate mixture of pulver
ized soil, Portland cement and water. 

Note: Cement-modified soil contains less cement than that required to produce soil-
cement. (This type includes some Class C "Cement-Treated Base" specified in some 
western states.) Compaction and curing are incidental to the chemical and physical 
process of modifying a soil with portland cement. Degree of modification is judged usu
ally by changes in the physical test constants and/or bearing capacity of the soil, a l 
though other criteria, such as changes in permeability, are used. 

Plastic Soil-Cement. —A hardened material formed by curing an intimate mixture of 
1 
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pulverized soil, portland cement and enough water to produce a mortarlike consistency 
at the time of mixing and placing. 

Note: Plastic soil-cement differs from portland cement concrete in two respects-
soils seldom meet specifications for concrete aggregates and the cement content for 
plastic soil-cement Is lower. Criteria for hardness are the same as for soil-cement. 
Uses of Materials 

Base. —The layer used in a pavement system to reinforce and protect the subgrade 
or subbase (AASHO M146). 

Subbase. —The layer used in the pavement system between the subgrade and the base 
course (AASHO M146). 

Subgrade (Basement Soil).—The prepared and compacted soil below the pavement 
system (AASHO M146). 

Cement-Treated Base. — An intimate mixture of pulverized soil, portland cement and 
water, used as a layer in a pavement system to reinforce and protect the subgrade or 
subbase. 

Soil-Cement Base. - A hardened material formed by curing a mechanically compac
ted intimate mixture of pulverized soil, portland cement and water, used as a layer in 
a pavement system to reinforce and protect the subgrade or subbase. 

Cement-Modified (Soil) Base. —An unhardened or semihardened intimate mixture of 
pulverized soil, portland cement and water, used as a layer in a pavement system to 
reinforce and protect the subgrade or subbase. 

Cement-Treated Subbase. —An intimate mixture of pulverized soil, portland cement 
and water, used as a layer in a pavement system between the subgrade and the base 
course. 

Soil-Cement Subbase. —A hardened material formed by curing a mechanically com
pacted intimate mixture of pulverized soil, portland cement and water, used as a-lay
er in a pavement system between the subgrade and the base course. 

Cement-Modified (Soil) Subbase. —An unhardened or semihardened intimate mixture 
of pulverized soil, portland cement and water, used as a layer in a pavement system 
between the subgrade and the base course. 

Cement-Treated Subgrade. —The prepared and mechanically compacted soil, below 
the pavement system, that has been intimately mixed with portland cement and water. 

Soil-Cement Subgrade. —A hardened material formed by curing a prepared and me
chanically compacted soil, below the pavement system, that has been intimately mixed 
with Portland cement and water. 

Cement-Modified (Soil) Subgrade. —A prepared and mechanically compacted unhard
ened or semihardened intimate mixture of portland cement, water, and soil below the 
pavement system. 

HOW CEMENT STABILIZES SOILS 
Mechanisms 

Reduction of Plasticity. —The f i rs t noticeable property change that occurs when ce
ment is mixed with moist cohesive soils is a marked reduction in plasticity, probably 
caused by calcium ions released during the initial cement hydration reactions. The 
mechanism is either a cation exchange or a crowding of additional cations onto the clay, 
both processes acting to change the electrical charge density around the clay particles. 
Clay particles then become electrically attracted to one another, causing flocculation 
or aggregation. The aggregated clay behaves like a silt, which has a low plasticity or 
cohesion. Aggregation takes place rather quickly, and is caused by the addition of rel
atively small amounts of cement. 

Cementation. — In compacted cement-treated soil the hydration of the different ce
ment constituents occurs at different rates, providing cementitious amorphous and 
minutely crystalline hydration products responsible for the characteristic early and 
long-term strength gains. The cementation is mainly chemical in nature and may be 
visualized as due to the development of chemical bonds or linkages between adjacent 
cement grain surfaces, and between cement grain surfaces and exposed soil particle 
surfaces. 



With cohesive soils, an important part of the mechanism may be the hardening of 
clay aggregations by lime liberated as a result of the hydration of the cement. This 
would explain both the hardened condition of aggregations observed where lumps of 
stabilized soil are removed from a road base some time after construction and the 
magnitude of the increase in strength after the hardening of the cement bonds would 
have been ejected to be complete (215). 

Fine-Grained Soils 
The manner in which portland cement stabilizes soils to meet requirements for soil-

cement differs somewhat for the two principal types of soils. In the fine-grain silty 
and clayey soils, the cement, on hydration, develops strong linkages among and between 
the mineral aggregates and the soil aggregates to form a matrix that effectively encases 
the soil aggregates. The matrix forms a honeycomb type of structure on which the 
strength of the mixture depends, because the clay aggregations within the matrix have 
little strength and contribute little to the strength of the soil-cement. The matrix is 
effective in fixing the particles so they can no longer slide over each other. Thus the 
cement not only destroys the plasticity but also provides increased shear strength. 
The surface chemical effect of the cement reduces the water affinity and thus the water-
holding capacity of clayey soils. The combination of reduced water affinity and water-
holding capacity and a strong matrix provide an encasement of the larger unpulverized 
raw soil aggregates. Because of its strength and reduced water affinity, this encase
ment serves not only to protect the aggregates but also to prevent them from swelling 
and softening from absorption of moisture and from suffering detrimental freeze-thaw 
effects. 

Granualar Soils 
In the more granular soils the cementing action approaches that in concrete, except 

that the cement paste does not f i l l the voids in the aggregate. In sands, the aggregates 
become cemented only at points of contact. The more densely graded the soil, the 
smaller the voids, the more numerous and greater the contact areas, and the stronger 
the cementing action. Uniformly graded (one-size) sand, which has a minimum of con
tact area between grains, requires a fairly high cement content for stabilization. Be
cause well-graded granular soils generally also have a low swell potential and low frost 
susceptibility, it is possible to stabilize them with lesser cement contents than are 
needed for the uniformly graded sands, the more frost-susceptible silts, and the higher 
swelling and frost-susceptible clayey soils. For any type of soil, the cementing pro
cess is given the maximum opportunity to develop when the mixture is highly compacted 
at a moisture content that facilitates both the densification of the mix and the hydration 
of the cement. 

Degree of Stabilization 
Four major variables control the degree of stabilization of soils with cement: (1) 

the nature of the soil, (2) the proportion of cement in the mix, (3) the moisture con
tent at the time of compaction, and (4) the degree of densification attained in compac
tion. If the moisture content and the density are controlled in accordance with standard 
methods (AASHO T 134 and ASTM D 558) and normal mixing and curing procedures are 
observed, the nature of the soil and the proportion of cement used determine the degree 
of stabilization. It is possible, simply by varying the cement content, to produce mixes 
that, after hydration of the cement, may range from those that result in only a slight 
modification of the compacted soil (cement-modified soil) to the product known as soil-
cement, which must meet certain minimum strength and durability requirements. When 
moisture is increased sufficiently to produce a plastic mix, and the cement content ad
justed to meet strength and durability requirements for the plastic condition, the pro
duct becomes plastic soil-cement. The ability to control the properties of the mix to 
suit the construction and to control the degree of stabilization to satisfy the strength 
and durability requirements has resulted in the development of these three principal 
types of cement-treated soil (soil-cement, cement-modified soil and plastic soil-ce-
ment). 



Properties of Cement-Treated Soil 
FACTORS INFLUENCING PROPERTIES 

The properties of cement-treated soil vary with several factors: (a) the nature of 
and the amounts of soil, cement, and water per unit volume of the compacted mixture; 
(b) the conditions prevailing during the period of cement hydration; and (c) the age of 
the compacted mixture. 

Because of the possible variation in properties due to these factors, i t is not possi
ble to list specific values representative of the several properties. However, because 
moisture content, density and conditions of curing are closely controlled in accordance 
with standard methods, i t is possible to present laboratory values of the several pro
perties for different soils. These are presented as examples indicating the range of 
properties of cement-treated soil. A later section presents additional data illustrating 
the influence of this principle and other minor factors on the properties of a wide range 
of cement-treated soil mixtures, including those that may be designated as cement-mod
ified soil. 

ILLUSTRATIVE EXAMPLES OF PROPERTIES 
Compressive Strength 

Unconfined compressive strength is the most widely discussed property of cement-
treated soU. It indicates the degree of reaction of the soil-cement-water mixture, 
"setting" time and the rate of hardening. For normally reacting granular soils, com
pressive strength serves as a criterion for determining minimum cement requirements 
for construction of soil-cement. 

Normal ranges of 7- and 28-day unconfined wet compressive strengths for soil-ce-

TABLE 1 
RANGES OF UNCONFDJED COMPRESSIVE STRENGTHS OF SOIL-CEMENT 

Wet Compressive Strength^(psl) 
Soil Type 7-Day 28-Day 

Sandy and gravelly soils: 
AASHO groups A - 1 , A-2, A-3 
Unified groups GW, GC, GP, GF, 

SW, SC, BP, SF 300 - 600 400 - 1,000 
Silty soils: 

AASHO groups A-4 and A-5 
Unified groups ML and CL 250 - 500 300 - 900 

Clayey soils: 
AASHO groups A-6 and A-7 

Unified groups MH and CH 200 - 400 250 - 600 

^peclaiens moist ctired 7 or 28 days, then saturated In water prior to strength testing. 

ment are given in Table 1. (Because of the high cohesive strength of dry, compacted 
clayey soil, compressive strength test data are not reliable unless tests are made on 
specimens properly saturated before testing. See "Wet-Dry Strength Ratio.") These 
data are grouped under three broad textural soil groups and include the range of soil 
types normally used in soil-cement construction. The ranges of compressive strength 

k 



are those for the minimum cement contents that satisfy accepted criteria (10) as deter
mined by wet-dry and freeze-thaw tests (IJ., 12) for soil-cement. The ranges of values 
given may be expected to be representative for 90 percent of soils normally used in the 
United States in soil-cement construction. 

Illustrative examples permit a better appreciation of the ranges of the compressive 

U.S. Stondord Sieva Sfzts 

Soil No. 1 2 3 4 
Liquid Limit (%) 16 17 28 26 

Piottic Index (%) NP NP 15 7 

Optiimn tLCtm 9.2 10.0 12.2 15.0 

* 
Mos. Om>lty<|»efl 

132 ISO 123 113 
AASHO "A" 
Soil Srovps l-b 2-4 6 4 

0.5 LO 
Particle Slio 

5.0 10 
inHiiMOters diOMOtor 

^VtalHOt for Miiturot containiiig 10 porcoat cemaat by weight 
Figure 1. Gradation and p l a s t i c i t y of raw so i l s and moisture-density relations of ce

ment-treated s o i l mixtures (,lh). 

strengths as they are influenced by cement content and age for different types of soils. 
Four soils representative of the following types were used in the tests to obtain illus
trative values of compressive strength: (1) a well-graded C-horizon nonplastic pit-run 
gravel with low content of fines (3 percent passing No. 200 sieve), (2) a C-horizon 
nonplastic sandy loam with 19 percent passing the No. 200 sieve, (3) a B- and C-hori
zon plastic clayey sand with 37 percent passing the No. 200 sieve, and (4) a B- and C-
horizon silt loam. 

The index property values and the graphs of grain size distribution are shown in 
Figure 1. A l l tests were in conformity with standard methods. Type 1 (normal) port-
land cement was used. Cement contents bracketed minimum values required to satisfy 
wet-dry and freeze-thaw criteria for soil-cement for three of the soils. The minimum 
values for soil-cement are given in Table 2. 

The results of unconfined wet compressive strength determinations made on 2.8-in. 



diameter by 5.6-in. high cylindrical specimens at various cement contents and ages 
are illustrated in Figure 2. 
Flexural Strength (Modulus of Rupture) 

Beams 3 x 3 x 11% in. were molded at optimum moisture content and standard max
imum density (11, 12) using the four soils whose index properties and grain size dis
tributions are indicated in Figure 1. The ranges of flexural strengths obtained for each 

TABLE 2 
MINIMUM CEMENT CONTENTS REQUIRED TO SATISFY CRITERIA 

FOR SOIL-CEMENT (14) 

Soil Minimum Cement Content Required for Soil-Cement 
No. 7o by Volume 7o by Weight 

1 5 3.8 
2 5 3.8 
3 7 5.7 
4 9 8.1 

of the four soils when combined with various amounts of cement and tested at different 
ages are shown in Figure 3. 
Modulus of Elasticity 

Static Modulus in Compression (Esc)-—Figure 4 shows ranges of static moduli, com
puted by the Portland Cement Association (14) as secant moduli at approximately 33 
percent of ultimate compressive strength of 2.8-in. diameter by 5.6-in. high cylindri
cal specimens. The moduli presented in Figure 4 are for the sandy soil (No. 2) and 
the silty soil (No. 4). Similar data computed by Reinhold (15) from strain measure
ments made on 2.8-in. diameter by 9.1-in. high cylindrical specimens of cement-treat
ed sandy and clayey soils are also shown in Figure 4 for comparative purposes. 

In more recent work on the shear strength and elastic properties of cement-treated 
soil mixtures under triaxial loadings, the Portland Cement Association (16) computed 
Egc as a secant modulus at between 10 and 40 percent of the ultimate undrained t r i 
axial compressive strength of 2.8-in. diameter by 5.6-in. high specimens made of ce
ment-treated sandy and silty soils. Cement contents used with these soils ranged from 
0 to 16 percent and covered the cement content required for soil-cement. The speci
mens at standard AASHO-ASTM density were moist-cured 7, 28, and 90 days except 
for a few specimens that were given special curing. The static modulus of elasticity 
increased with cement content; average values at 28 days varied from about 100,000 
to 2,000,000 psi for the cement-treated sandy soil mixtures and from about 260,000 to 
760,000 psi for the cement-treated silty soil mixtures. The modulus also increased 
with age. In some cases the 90-day values were double the 7-day values, but the in
crease averaged about 50 percent of the 7-day values. Drying cement-treated soil 
specimens decreased the modulus of elasticity; the decrease was slight for the sandy 
soil mixtures but was as much as 60 percent for the silty soil mixtures. 

The ultimate elastic moduli in compression of cement-stabilized sand-shell mix
tures were found by Harris (IT) to be lower than values for soils. Harris used a ce
ment content of 2.8 bags per cubic yard (approximately 10 percent by volume) and com
pacted some of the mix by rolling and some by vibrating in a wet state. The mix com
pacted by rolling had an ultimate compressive strength of 1,290 psi and a modulus 
(Egc) of 168,000 psi. 

Status Modulus in Flexure (Egf). — Values of Egf are shown in Figure 5. They are 
secant moduli at 33 percent of the ultimate load. For the cement contents tested and 
the ages shown, the sandy soils Nos. 1 and 2 showed values of Egf ranging from" 
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Figure 2 . Compressive strength, s o i l type, cement content and age (jh). 

800,000 to 4,300,000 psi, and values for the clayey and silty soils Nos. 3 and 4 raided 
from 700,000 to 2, 500,000 psi. 

Resonance (Dynamic) Modulus (Ed).—Values of the dynamic modulus of elasticity, 
computed from the fundamental transverse frequency, weight and dimensions of the 
beams prior to testing them in flexure, were approximately equal to those shown for 
the static modulus in flexure (Egf) (Fig. 5), Contrary to this, researches on road mate
rials by the British Road Research Laboratory generally have indicated an appreciable 
difference in values determined statically and dynamically (215). 
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18 
18.7 

Poisson's Ratio 
Computed values of dynamic Poisson's ratio, determined (14) from fundamental 

transverse and torsional frequencies of beams, range from 0.22 to 0.27 for granular 
soils Nos. 1 and 2 (Fig. 1); f rom 0.30 to 0.36 for clayey soil No. 3; and from 0.24 
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to 0.31 for silty soil No. 4. Values of static Poisson's ratio determined from compres
sion strains were variable, ranging from 0.08 to 0.24. Indications were that variation 
was related to the nature of the rupture. 

As a part of the Portland Cement Association's study of the shear strength and elas
tic properties of cement-treated sandy and silty soil mixtures under triaxial loading 
(16), Poisson's ratio was computed as the ratio of lateral strain to axial strain in the 

SOIL 4 SOIL 2 

I D C / ) 
Q i f ) 

3 6 10 14 10 14 18 BY WEIGHT 
BY VOLUME-4 7.8 12.6 14.7 18.7 

CEMENT CONTENT, PERCENT 

* NUMBERS ENCIRCLED THUS @ SHOW DAYS 
OF MOIST CURE PRIOR TO TESTING 

(a) RANGE OF 28 DAY VALUES BY FELT AND 
ABRAMS 

(b) RANGE OF 28 DAY VALUES BY REINHOLD 
Figure k. Static modulus of e l a s t i c i t y i n compression, s o i l type, cement content and 

age. 

elastic range (between 10 and 40 percent of ultimate strength). Poisson's ratio exhibi
ted a random variation with cement content and age, and averaged 0.14 for the cement-
treated sandy soil mixtures and 0.12 for the cement-treated silty soil mixtures. 
Plate Bearing Value 

Table 3 gives comparative plate bearing test data obtained on a heavy clay subgrade 
(19) and on four-week-old soil-cement base constructed from a heavy clay (LL = 57). 
Plate bearing data are for a 12-in. diameter plate seated with sand. K-values for each 
test were computed, loading through the range of 0- to 0.05-in. deflection. Seven-day 
compressive strengths of soil-cement cylinders molded from the field mix ranged from 
125 to 310 psi. Seven-day strengths of laboratory mixes were as high as 550 psi. Data 
in Table 3 give results for the west and east ends of the experimental project. The sur
facing on the west end was a single bituminous treatment, that on the east end a 2-in. 
thick bituminous surface. The results show that the K-values for the stabilized base-
subgrade structure are about eight times that of the subgrade. 

Another example illustrating plate bearing test data, obtained by loading experimen
tal 4-x4-fttest slabs of soil-cement on a subgrade of known K-value, is shown in Fig
ure 6. 

Additional plate bearing tests were made at Skokie, 111., by the Portland Cement 
Association (21) on 4-x 4-ft outdoor test panels 4, 7 and 10 in. thick. Two substandard 
granular materials treated with a range of cement contents to produce both cement-
modified soil and soil-cement were used in the panels. They were loaded with a 12-in. 
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Figure 5 . Static modulus of e l a s t i c i t y i n flexure, s o i l type, cement content and age 

diameter plate over a five-year period. The results showed that an increase in cement 
content is accompanied by an increase in load-carrying capacity. There was little or 
no effect due to frost action in load-carrying capacities of the hardened soil-cement 
mixtures over the 5-yr period. In contrast, the load-carrying capacities of the cement-
modified materials containing lower cement contents, which were reasonably high after 
exposure for one winter, were reduced during the 5-yr period but the capacities of these 
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TABLE 3 
PLATE BEARING TEST DATA ON A SOIL-CEMENT ROAD (19) 

'Subgrade Soil Soil-Cement 
Dry Moisture Base 

CBR Density Content K K 
Location (%) (pcf) (%) (psi) (psi) 
West 1 92 39 _ 1,270 

end 2 84 34 130 1,110 
of 2 78 40 - 1,050 

the 2 to 3 85 38 180 1,040 
project 2 89 35 - 1,150 

East 3 to 1 95 29 - 1,110 
end 2 to 3 93 30 150 1,160 
of 2 87 34 - 1,290 
the 2 to 3 81 34 - 1,500 

project 2 to 3 90 31 - 1,250 
Average 2 87 34 150 1,190 

PROPERTIES OF MATERIALS 
Gravelly Lime-

Clay stone 
y4-ln. to No. 4 (%) 
No. 4 to No. 200 (%) 

rMinus No. 200 (% 
L . L . (%) 
P.I. a ) 

GRAVELLY CLAY PLUS 
6% CEMENT BY WT-

materials to support load remained significantly greater than that of the untreated soils 
of the same thickness. 
California Bearing Ratio (CBR) 

The CBR has been used to a limited ex
tent (22) as a means for measuring in
crease in strength resulting from the ad
dition of cement to marginal and substand
ard gravels that, because of inferior grad
ing, excessive fines or plastic fines, are 
not suitable for use in flexible-type base 
courses. The method of test used (22) 
was similar to that for the CBR except 
that a compactive effort equivalent to that 
of AASHO Method T 134 was used (56 
blows per layer in a 6-in. diameter mold). 
The compacted mixture was allowed to 
hydrate for 7 days in the mold and then 
was immersed in water for 4 days before 
testing. Some gravel-cement mixtures 
became so hard that piston penetration 
was limited to 0.05 to 0.075 in. In tests 
to determine the effect of low cement con
tents in modifyii^ fine-grain soils, a fu l l 
0.1-in. penetration was used. 

An illustration of the relationship be
tween CBR and cement content at various 
curing ages for a plastic gravel is shown 
in Figure 7. In comparing CBR-cement 
content relationships i t should be noted 
that the maximum cement content shown 
(6 percent by weight) represents the min
imum cement content that satisfies Port
land Cement Association (PCA) criteria 
for soil-cement. Similar illustrative data 

CRUSHED 
LIMESTONE 

GRAVELLY 
CLAY 

0 5 1.0 
DEFLECTION - INCHES 

Figure 6. Plate bearing test data showing 
to t a l load required to produce 0 . 1-in. de
flection of 1 2 -in. diameter plate on k-tt 
panels 7 i n . thick, b u i l t in f a l l of 1953 
and tested i n spring of 193k. K of sub-

grade = 100 p s i / i n . ( 2 0 ) . 
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of CBR versus cement content used in 
modifying a silty clay soil are shown in 
Figure 8. Cement contents used in mix
tures with the silty clay soil (Fig. 8) were 
all less than that required to produce soil-
cement. 

As part of the study of substandard 
granular materials treated with cement 
(21), bearing ratio tests were made. Da
ta for specimens tested after moist cur
ing periods of 7, 21, 37 and 87 days show
ed great increases in bearing ratios with 
increases in cement content and curing 
period reaching values as high as 1,200 
for an A - l - b (0) substandard granular ma
terial with 6 percent cement and 600 for 
an A-6 (1) granular material with 10 per
cent cement. Bearing ratios were also 
determined on specimens that had been 
subjected to cycles of freezing and thaw
ing. The bearing ratios of the 1.5 per
cent cement-treated mixtures of the A - 1 -
b (0) substandard granular material reduc
ed to low values in 12 cycles of freezing and 
thawing; the 3 percent mixture decreased 
somewhat after 12 cycles but did not decrease 
further at 48 cycles; and the bearing ratios 
for the 4. 5 and 6 percent mixtures changed 
very little during the 48 cycles. The bearing 
ratios of the A-6 (1) cement-treated granular 
soil at 1. 5, 3.0 and 4.5 percent cement drop
ped sharply duringfreeze-thaw cycles. The 
6 percent cement-treated material show
ed great resistance to freezing and 
thawing and at the end of 12 cycles the 
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CEMENT 
4 

CONTENT -
6 8 

PERCENT BY WEIGHT 

Figure 8 . Relation between bearing ratio 
and cement content after 7 days hydration 
for a fine-grain s i l t y clay s o i l ( 2 2 ) . 
(Minimum cement content for soil-cement— 

15 percent.) 
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Figure 7 ' Bearing ratios of cement-treat
ed s o i l mixtures at various ages. (Mini
mum cement content for soil-cement i s 6 

percent.) (22) 

bearing ratio was st i l l 200. The 10 percent 
cement-treated mixture showed a bearing 
ratio after 48 freeze-thaw cycles equal to or 
greater than the 21-day moist-cure values. 

Other investigators (23, 24) have develop
ed both CBRand compressive strength data 
for clayey and for gravelly soils. These data 
are shown under "Interrelationships Between 
Properties of Soil-Cement Mixtures." 

The CBR test has been used for some 
time by many countries in Africa for evalu
ating soil-cement mixtures. A considerable 
experience is being developed in these coun
tries in the use of the test for this purpose. 

Plasticity Index (^5. 2£, 21, 2S., 2^, 
21, k, 21, M f l a f — — 

Plasticity, a soil condition which per
mits deformation without rupture, is a con-
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tribution of the clay mineral colloids that ex
ist in the fine grain fractions of practically 
all soils. Because the plasticity index has 
for years been used as an indicator of base-
course quality, the influence of cement on 
the plastic properties is significant. On this 
basis it is also an indicator of cement-treat
ed soil base-course quality, particularly for 
the range of cement contents below the mini
mum requiredfor soil-cement; that is, 
for cement-modified soil in the range of ce
ment contents below the minimum required 
for soil-cement (215). 

The addition of cement to soil exhibiting 
plasticity reduces its plastic properties. 
This is evidenced in the manner it ruptures 
in simple compression, and by the increase 
in its elastic properties as determined by 
elasticity measurements. However, the 
decrease m plasticity usually is expressed 
in terms of its reduction in plasticity index, 
as determined on hardened cement-treated 
soil mixtures that have been pulverized and 
tested for liquid limit, plastic limit and plas
ticity index. 

Normal procedure calls for compacting 
the cement-treated soil mixtures according 
to standard procedure (AASHOT134or AS-
TMD 558), allowing the compacted speci
men to cure in an atmosphere of 100 percent 
relative humidity for a given period (usually 
7 days), drying, repulverizingthe mixture, 
and then performing the plasticity tests. A 
typical set of results for a plastic granular 
material is shown in Figure 9. Results for 
three fine-grain soils are shown in Figure 10. 

Normally, cement changes the plastic-

35 

30 

25 

LU a. 
I 

t 20 

a: 
UJ m a: 

LIQUID LIMIT 

/ — 
/ PLASTIC LIMIT-

Grading of Soil 
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U / 43 

/ Plus No. 4 Gravel (%) 
Coarse Sand (No. 4to 0.25 
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Fine Sand (0.25 to 0.05 mm)(%) 8 
Silt (0.05 to 0.005 mm)(%) 16 
Clay (less than 0.005 mm)(%) 18 
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hydration period of 2 days 
Mimmum cement reqmred for 
standard Soil Cement = 6% by Wt. 

PLASTIC INDEX 
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Figure 9 . Cement-plasticity relationships 
for a plastic gravelly sand ( 2 2 ) . 

DATA F R O M S O U T H C A R O L I N A 

E X P E R I M E N T A L P R O J E C T (25) 

4 - 7 - 5 S O I L 

W 10 

3 5 7 9 II 

C E M E N T C O N T E N T - P E R C E N T B Y V O L U M E 

Figure 10 . Effect of cement content on the 
p l a s t i c i t y indices of three South Carolina 

s o i l s ( 2 5 ) . 

ity by increasing the plastic limit and thus 
reducing the range within which the mate
rial is plastic. Cement may also change 
the liquid limit, but to a lesser degree. 
Cement admixtures usually reduce the 
liquid limit of soils having a liquid limit 
greater than 40, and increase the liquid 
limit of soils having a liquid l imit less 
than 40 (Fig. 11). 

Volume-Change Properties of 
Cement-Treated Soil 

Clay soils compacted at optimum mois
ture content to maximum density (AASHO 
Method T 99) usually swell on moisture 
gain and shrink on moisture loss. If com
pacted at moisture contents greater than 
optimum, the swell is less and the shrink 
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DATA FROI\̂  SOUTH CAROLINA 
EXPERIMENTAL PROJECT (25) 

-A-7-5 SOIL 

A-6 SOIL 

is greater. If compacted to maximum density at moisture contents less than optimum, 
swell is greater and shrink is less. Admixing cement to soil affects both shrink and 
swell properties of clay soils. The manner in which cement affects the volume-change 
properties is complex and depends on the nature of the soU, the moisture changes, the 
cement content and the temperature conditions (including freezing). Limited data avail
able on volume-change properties of cement-treated soil are considered here according 
to the different factors that cause volume changes: 

1. Volume changes due to moisture changes (including hydration of the cement) and 
cementing action (increase in cohesion). These include both shrinkage and expansion. 

2. Volume changes due to frost action. 
3. Volume changes associated with temperature changes (coefficient of thermal ex

pansion). 
Volume Changes Due to Moisture Changes 

and Cementing Action. — Admixing cement to 
cohesive soils reduces shrinkage because 
the cement matrix tends to restrain the 
movement of the soil, but the admixed ce
ment does not completely prevent shrinkage 
due to moisture loss. The exact propor
tion of the total shrinkage attributable to 
moisture loss (that is, water lost through 
hydration and water lost through evapora
tion) and to cementing action is not known. 
It is known that for a clayey sand, 1 to 
percentage points (about 10 percent of the 
total water added) is used during the f i rs t 
seven days in hydrating the cement (36) 
(Fig. 12). Admixing cement to noncohesive 
granular soils that in themselves exhibit 
little or no shrinkage results in small 
shrink, which is related to cohesion as
sociated with the cementing action. Thus 
cement-treated mixtures made with sand 
exhibit some slight shrinkage and crack
ing. 

Increasing the cement content decreases 
the total shrinkage (25, 35, 37, 38) of ce

ment-treated mixtures made from soils that exhibit volume change without cement. 
However, the increase in tensile strength associated with the higher cement contents 
results in longer uncracked slabs and in wider crack openings. Decreasing the cement 
content and strength, while resulting in greater shrinkage, produces smaller, more 
closely spaced cracks. 

The effect of increased cement content in producing longer uncracked slabs and thus 
larger crack openings holds for granular materials also (39) even though they exhibit 
little or no volume change without cement admixture. The significance of the effect of 
stretch is not in the size of crack opening alone (such cracks are covered in applying 
the bituminous surfacing), but in the greater response of the longer slabs to expansion 
and contraction with changes in temperature, and the reflection of the resulting cracks 
through the bituminous surfacing. 

Because cracking is a natural characteristic of cement-treated soil, experienced 
engineers carefully observe the development of cracks during the early curing period 
(30). When proper cracking develops, i t is evident the mixture has been adequately 
moistened and compacted and is hardening properly. For soil-cement, each soil pro
duces its own crack pattern. Clays develop higher total shrinkage but cracks are finer 
and more closely spaced—often of the hairline variety spaced 2 to 10 f t apart. Granu
lar soils produce less shrinkage but larger cracks spaced at greater intervals, usually 
10 to 20 f t or more apart. Because cracking is related to strength, some control over 

A-4 SOIL 

0 1 3 5 7 9 II 
CEMENT CONTENT-PERCENT BY VOLUME 

Figure 11. Effect of cement content on the 
liquid limits of three soi ls . (Data frcm 
cores taken 7 'to '*0 days after construc

tion.) ( 2 5 ) . 
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Figure 1 2 . Moisture content lost through hydration of cement (36) (AASHO Standard Com
paction Test). 

size and spacing of cracks can be exercised by control of cement content; durability, 
however, must be kept in mind. 

Measurements of size and distribution of shrinkage cracks are limited to data from 
three airfields in Australia (40). Soils were dominantly sandy and admixtures with 10 
percent cement by weight produced soil-cement having a 7-day wet compressive 
strength of 450 psi and 1.8 percent loss in the wet-dry test. (Soils contained 10 to 25 
percent clay (-0.002mm). Average LL = 20, PI ranged from NP to 7. Average opti
mum moisture content was 14 percent and maximum density (ASTM D 558) was 115 
pcf.) The soil-cement was cured 7 days under Sisalkraft paper and crack measure
ments were observed 32 to 77 days after processing. Lineal shrinkages determined 
by measurement of cracks were 0.15, 0.3, and 0.4 percent for the three airfields. 
A relationship existed between density and cracking, the higher density resulting in 
less shrinkage. Measurements of the occurrence of various sizes of cracks showed 
tliat from 40 to 80 percent were less than in. in width of opening. The nature of 
the frequency distribution of the various sizes of crack openings observed at five test 
locations is shown in Figure 13. 

Two methods have been used to determine the shrinkage properties of soil-cement. 
One of these is direct measure of the volumetric shrinkage, usually by immersion in 
mercury. Because shrinkage varies for different soils and for a given soil with ce
ment content, illustrative data only are given for five soil types. Index properties of 
four of the soils, representative of types normally used in cement-treated soil mix
tures, are given in Table 4. 

Tests were made on specimens compacted by a predetermined effort (40 blows of 
5. 5-lb hammer dropping 15 in. on a 200-gr sample). Figure 14 shows the relationship 
between volumetric shrinkage and cement content for the four soils whose index pro
perties are given in Table 4. Shrinkage decreases with increase in cement content. 
Shrinkage of the cement-treated soils ranges from one-third to one-half of that for the 
raw soils. The nature of changes in volume that take place during the wetting and dry
ing test with the loam soil (No. 2, Table 4) is indicated in Figure 15. 

The effect of mixing small quantities of cement with a heavy clay (35) to modify its 
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TABLE 4 
INDEX PROPERTIES OF SOILS USED IN SHRINKAGE MEASUREMENTS (37, 38) 

Soil 
Type 

Textural 
Type LL PI 

Sand 
(%) 

Optimum 
Moisture 
Content 

(%) pH 

Exchangeable Basis 
Calcium Sodium and 
(ME/100 Potassium 

gr) (ME/100 gr) 
1 Sandy loam 22 5 65 13 8.7 4.2 0.9 
2 Silty loam 28 9 19 12 8.4 7.0 1.6 
3 Silty clay 

loam 37 17 8 12 8.9 14.8 1.1 
4 Loam 25 10 43 12 8.1 8.7 1.1 

volume-change characteristics is shown in Figure 16. Compaction was according to 
AASHO Method T 134 except for an 18-in. hammer drop. 

During the great drought of the 1930's, clay subgrades that were compacted at low 
moisture contents later absorbed water and swelled, causing distortion of pavements. 
Cement treatments were used experimentally on some projects (27, 41) to prevent 
swelling of subgrade soil on gain in moisture content. Inasmuch as laboratories were 
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equipped to perform plasticity and shrink
age tests, those tests were used to indi
cate the effectiveness of cement admix
tures in reducing soil swell. Compacted 
cement-treated soil mixtures were moist 
cured for 7 days, repuLverized, and then 
used to determine the relationships be
tween volumes at the shrinkage limit (SL) 
and those at the field moisture equivalent 
(FME) and liquid limit (LL) for various 
cement contents. An example of the data 
is shown in Figure 17. Lineal shrinkage 
measurements were made on repulver-
ized material remolded at the liquid l im
i t . Illustrative data are shown in Figure 
18. 

The indicated decrease in shrinkage of 

SOIL NO 2 L O A M 

0 2 4 6 7 0 2 4 6 8 10 12 
CURING PERIOD (DAYS) C Y C L E S O F WETTING UNO 

DRYING 

Figure 15. Changes in volume of cement-
modified s o i l during curing and during 

cycles of wetting and drying ( 3 7 ) . 

the repulverized material is due to an in
crease in the shrinkage limit and a de
crease in the liquid l imi t . The indirect 
method of determining the effect of ce
ment on volume change does not apply to 
field work unless repulverization is done 
in construction. Even then values are 
only generally indicative of behavior, as 
the repulverized and reprocessed com
pacted cement-treated soil may again be
come hardened material. Therefore, 
measurements of volume change should 
be by direct measure of volumes and the 
changes should be expressed in terms of 
the initial compacted volume. 

Treatment of soil with small percen
tages of cement, sometimes as low as 2 
percent, may effectively prevent the oc
currence of swelling (35). By PCA defin
ition, soil-cement cannot swell more than 
2 percent because one PCA criteria for 
soil-cement requires that the maximum 
volume at any time during the wet-dry 

COMPACTED DENSITIES (pcf) 
Soil Number 

Cement 
107.0 115.2 121.7 
106.2 113.8 119.2 
105.7 113.2 118.0 
105.7 111 4 118.0 
105.7 110.1 117.4 
103.8 108.8 116.7 

Opt. Moisture content ranged from 
10 to 14 percent 

5 10 15 
CEMENT C O N T E N T - P E R C E N T 

BY WEIGHT 

Figure Ik. Effect of the addition of ce
ment on the shrinkage of s o i l s (SJ, 3 8 ) . 
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Figure 16 . Effect of cement content i n 
modifying the shrinkage properties of a 

heavy clay s o i l ( 3 5 ) . 
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test shall not exceed the volume at the time of molding by more than 2 percent. 
Volume Changes Due to Frost Action. —The manner and degree in which cement-

treated soil expands on freezing depends on the degree of stabilization attained (cement 

VOL AT S L 

LU N 

? 2 
tr 

Figure 17 , 

1 2 3 4 5 

CEMENT CONTENT, P E R C E N T BY VOLUME 

Volume relationships of repulverized soil-cement-treated s o i l ( 2 7 ) . (Raw-
s o i l i = FI = 30; a s i l t y clay.) 

25 
CEMENT-TREATED SOIL MIXTURES WETTED 
TO FM.E, MOIST CURED 10 DAYS, A I R -
DRIED 4 DAYS, REPULVERIZED AND WETTED 
TO LIQUID LIMIT FOR SHRINKAGE TESTS 

-P.l.= 35 

P.I.- 26 

P.l.= 14 

2 4 
CEMENT CONTENT-

6 
PERCENT 

Figure I 8 . Influence of cement content on 
l i n e a l shrinkage of repulverized cement-

treated s o i l ( 2 6 ) . 

content) and the nature of the freezing test. 
The freezing test may be the closed-sys
tem test or the open-system test. The 
closed-system test provides for freezing 
the soil in a state of capillary saturation 
without access to additional water during 
freezing. The Standard Method of Freez
ing and Thawing Test for Soil-Cement Mix
tures (ASTM Designation: D 560-57 and 
AASHO Designation: T 136-57) is a closed-
system test. PCA criteria for soil-cement 
include the requirement that the maximum 
volume at any time during the 12 cycles of 
the freeze-thaw test shall not exceed the 
volume at the time of molding by more than 
2 percent. 

The open-system test consists of freez
ing soil-cement from the top downward. It 
requires that the bottom of the soil-cement 
is at all times in contact with free water. 
The test may be limited to one slow descent 
of the frost line or of several penetrations 
of the freezing isotherm. The resulting 
volume change is measured as heave and is 
expressed as a percentage of the initial 
thickness of the unfrozen cement-treated 
soil. The British Standard Test 1924: 1957, 
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(British Standards Institution—1958 Yearbook, London, England), Determination of the 
Resistance of a Stabilized Soil Mixture to Damage by Frost (for fine-grained soils only), 
is an open-system test. 

Experimental data (42) are available from two series of tests that indicate the effec
tiveness of cement-treated soil in resisting frost heaving. The tests were made on 
cylinders 3 in. in diameter and 7 in. high compacted in accordance with the original 
Proctor compactive effort (214) using 14 blows per layer on four layers. The soils 
consisted of a clay (LL = 46, PI = 26) with and without admixtures of a concrete sand 
and a pit-run gravel. Each test consisted of one slow descent of the frost line through 
the 7-in. specimen, the freezing temperature of the cabinet being lowered gradually to 
-10 F. One series was cured to a low moisture content before freezing. The other 
series was resaturated under a pressure of 30 psi before freezing. 

TABLE 5 
DATA ILLUSTRATING THE EFFECTIVENESS OF CEMENT IN PREVENTING 

HEAVING OF CLAYEY SOII£ WHEN TESTED IN AN OPEN SYSTEM (42) 

Moisture Content (%) 
Den End Start Frost Ac

Soil Cement sity of of Ave. Heave tion De
Type (%) (pcf) Molded Curing Test Final (%) scription 

(a) Series 2 —Cured in Lab. 1 day, 10 to 11 days in moist room 
Clay 4 108 17.9 5.1 5.1 29.2 19.8 Severe 
Clay 6 107 17.0 5.0 5.0 19.0 0.85 Very Clay 

slight 
Clay 8 107 16.0 4.7 4.7 21.0 0.86 Very Clay 

slight 
Clay 10 108 15.6 4.8 4.8 20.3 0.57 Very Clay 

slight 
20 CI. -
80 Sand 6 131 10.4 4.2 4.2 9.1 0.0 None 

20 CI. -
80 Sand 10 132 9.4 3.2 3.2 7.5 0.0 None 

60 CI. -
40 Sand 6 120 11.3 5.0 5.0 12.3 0.0 None 

60 CI. -
40 Sand 10 127 11.5 4,4 4.4 4.5 0.0 None 

(b) Series 6 -Cured in moist room 31 to 35 days, and pressure saturated (30 psi) 
Clay 4 102 18.0 20.0 26.0 57.8 65.0 Very 

severe 
Clay 6 106 18.9 17.0 25.0 32.6 24.6 Very 

severe 
Clay 8 103 18.7 16.0 24.5 27.6 10.0 Moderate 
Clay 10 102 18.6 19.5 23.8 25.2 5.1 Moderate 
Clay 12 102 18.6 19.5 24.2 28.3 8.9 Moderate 

16.5 CL- Very 
83.5 Gr. 4 132 8.5 7.8 8.6 10.2 1.7 slight 

16.5 CL-
83.5 Gr. 6 132 9.0 9.1 10.0 10.5 0.0 None 

16.5 C l . -
83.5 Gr. 8 132 9.0 8.6 9.8 16.2 0.0 None 
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The results indicate that small percentages of cement do not completely prevent 
heave of the clay under the severe conditions of the test but that cement contents that 
satisfy criteria for soil-cement hold values of heave to 2 percent or less for the clay. 
Heave of cement-treated sand-clay and gravel-clay mixtures was negligible. The re
sults are given in Table 5. 

In evaluating the comparative effects of freezing in the open system with that of the 
alternate cycles of freeze and thaw in the Standard ASTM-AASHO (closed system) test 
it should be borne in mind that the purposes of the two tests may be different. In the 
open system, the purpose may be to determine resistance to the formation of a few 
thick ice lenses that cause significant heave. However, in the British Standard Test, 
unconfined compressive strength loss due to 14 cycles of alternate freezing and thaw
ing is also evaluated. In the ASTM-AASHO Standard Test the purpose is to determine 
if cycles of alternate freeze and thaw at capillary saturation have a deteriorating ef
fect on the cement-treated soil in terms of surface softening and reduction in strength. 

Volume Changes Associated with Temperature Changes—Coefficient of Thermal Ex
pansion. —Hardened cement-treated soil changes in volume with change in temperature, 
decreasing in length with decrease in temperature. Volume changes due to thermal 
changes increase with increase in cement content and with increase in density. Ex
perimental values of the coefficient of thermal expansion are available from tests in 
India (38), Africa (43), and the U.S. (17, 30). Over-all values range from a minimum 
of 3.5 to a maximum of 8.7 x 10"® per inch per deg F. A summary of the experimental 
data is given in Table 6. 

TABLE 6 
SUMMARY OF DATA ON COEFFICIENT OF THERMAL EXPANSION OF 

HARDENED CEMENT-TREATED SOIL (17, 30, 38, 43) 

Source Cement Coefficient of 
of Content Thermal Expansion 

Data Description of Soil (%) ( in . / in . degF)xlO"® 
90a Sandy loam 2.5 to 10 4.5 to 5.8 
90a Silty loam 2. 5 to 10 4.1 to 5.6 
90^ Silty clay loam 2.5 to 10 3.9 to 6.1 
90a Loam 2.5 to 10 4.6 to 6.3 

110 Sand-shell 2.8 sks/cu yd 3.5 
147 Sandy loam (A-2) 8 6.9 
147 Silty clay loam 14 6.2 
147 Clay (A-6-7) 12 5.7 
181 Several types Not given 5.1 to 8.7 

°The experimental dfiterminations made in India (38) were made on the four types of so i l s 
for which index properties are given in Table h. The soil s are: No. 1, a sandy loam; 
No. 2 , a s i l t y loam; No. 3 , a s i l t y clay loam; and No. k, a loam. Determinations were 
made on 15-in. long by 3/1+-in. diameter sticks by compacting the mixture i n a metal tube 
with a -^-In. diameter rod. For the same density and for aXl s o i l s tested, the thermal 
expansion increased with increase i n cement content. The sandy loam s o i l had the highest 
thermal expansion and the s i l t y clay loam the lowest. The results of the tests are given 
in Figure I 9 . For the same proportion of cement In the soil-cement mixture, the thermal 
expansion increases with increase i n density. The relationships for the four so i l s are 
shown in Figure 2 0 . 

Thermal Properties of Soil-Cement 
Thermal properties include the coefficient of thermal conductivity, specific heat, 

heat of wetting, diffusivity, and volumetric heat capacity. Typical values of thermal 
conductivity, K in Btu/sq ft/hr/in/deg F for soil-cement of different soils are: (a) 
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Figure I 9 . Effect of cement content on the thermal expansion of so i l s (38). 

LEGEND 
2 5 PERCENT CEMENT 

SOIL 2 SO L 3 SO L 4 

1.7 1.8 1.9 2.0 1.5 1.6 1.7 1.8 1.5 1.6 1.7 1.8 1.7 1.8 1.9 2.0 
DENSITY-GRAMS PER CU CM 

Figure 20, Effect of density on thennal expansion of soil s (38). 

sandy s o i l - 8.0, (b) silty s o i l - 4.0, and (c) clayey s o i l - 3.7. These 
results were obtained on specimens compacted to Standard ASTM-AASHO density and 
oven-dried at 160 F before testing. 

In the absence of data on all thermal properties for a wide range of soil types, den
sities, and moisture contents it is necessary to use available data on thermal proper
ties of untreated soils. The reader is referred to the following publications: 
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1. Kersten, M.S., "Thermal EropertieB of Soils." Engineering Experiment Sta
tion, Bulletin No. 28, Institute of Technology, University of Minneso
ta, June 1, 191^9. 
This bulletin contains data on thennal properties of soil s and on fac

tors of composition, moisture content, and density that influence thermal 
properties of s o i l s . I t also contains data on thermal properties of b i 
tuminous mixtures, portlaud cement concrete and other materials used i n 
highway construction. I t also includes a l i s t of references. 

2. Johnson, A.W., "Frost Action in Roads and Airfields." Highway Research 
Board, Special Report No. 1, National Academy of Sciences-National Re
search Council, Publication No. 211, Washington, D.C., 1952. 
This review of the literature on factors relating to frost action in

cludes data on thermal properties of s o i l s and other materials of construc
tion. A l i s t of references i s included. 

Water Movement and Retention Properties 

Capillary Absorption. —Soils that do not swell l imit capillary absorption to the exist
ing volume of pores having capillary properties. PCA criteria for soil-cement require 
that the maximum volume at any time durir^ the 12 cycles of the wet-dry test (and also 
the freeze-thaw test) shall not exceed the volume at the time of molding by more than 
2 percent. Thus the total volume of pore space is limited and capillary absorption can
not exceed that at time of molding by more than that permitted by the 2 percent maxi
mum volume increase. Expansive soils treated with amounts of cement sufficiently low 
to permit swell wi l l permit water absorption in proportion to the percent swell. Norm-
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Figure 21. Permeability vs cement content of compacted cement-treated soi l s (33) 



23 

ally, the absorbed moisture content of soil-cement does not exceed by significant a-
mounts the optimum moisture content at the time of compaction. 

Permeability. —Most soils can be made practically impermeable by the addition of 
the minimum amount of cement normally needed to harden them. For sandy perme
able soils, the permeability is Closely related to the cement content. Two examples 
illustrating the relationship are shown in Figure 21. 

Values of permeability for a wide range of textural soil types and for soil-cement 
prepared from them are given in Table 7. 
Durability 

Except for long-time soil profile development processes, raw soils change in vol
ume, in strength, and in internal structure, with changes in moisture content and tem
perature. The magnitude of these changes in physical properties can be controlled in 
some degree in construction by placing soils within those limits of moisture content 
and density most nearly compatible with environmental requirements. 

T A B L E 7 

P E R M E A B I L I T Y O F S O I L - C E M E N T M I X T U R E S (30, ^ 3 ) * 

aidex Properties of Raw Soils 
Gra in-S ize Distribution 

(% smal ler than] 
Max Classif ication of Soils 

U S D A AASHO 
Cement 
Content 

Permeability, 
K 

Sieve Number 0.05 0.005 Density Textural Soil (%by Raw Soi l -
4 10 40 60 200 Mm Mm L L P I (pet) C l a s s Group wt) Soil Cement 

100 100 98 28 1 0 0 NP NP 107.4 Coarse sand A-3(0) 10 15,000 18 
100 99 95 80 1 - - NP NP 104.8 Fine sand A-3(0) 9 4,500 10 
100 100 77 36 4 0 0 NP NP 114.4 Sand A-3(0) 8 1,500 6 

74 69 39 28 22 21 8 29 9 125.7 G r . CO. s a . I m . A-2-4(0) 8 182 6 
100 75 38 15 7 5 0 NP NP 123.0 Loamy co. s a . A- l -b(O) 7 15 0.3 
100 100 99 82 40 34 12 20 2 116.2 F i . s a . loam A-4(0) 12 13 0.3 

99 97 69 - 16 12 4 14 NP 123.0 L o . f i . sand A-2-4(0) 10 10 2 
100 99 88 - 36 25 7 17 NP 119 2 L o , f i , sand A-2-4(0) 9 5 0.1 

94 93 82 72 41 34 24 28 25 113.2 Sa . clay im. A - 7 - 6 8 1 0.5 

^Part of data from communication with Portland Cement Association. 

The same forces associated with changes in moisture content and temperature, 
which so strongly influence soil state, also act on cement-treated soil. Because the 
type of soil and the cement content each so strongly influences the degree of stabiliza
tion, i t is obvious that for different soils identical cement contents may result in mixes 
that have different degrees of resistance to those forces. Because time is a factor as
sociated with the forces that cause deterioration, it is again obvious that mixtures wi l l 
have different lasting qualities and thus differ in durability. Because different degrees 
of resistance to the forces tending to deteriorate a given cement-treated soil can be 
built into it simply by changing cement content, values indicative of durability can be 
listed for mixtures only when they satisfy some standard criteria—PCA soil-cement 
criteria, for example. 

Criteria for soil-cement mixtures require that soil-cement losses in the ASTM-
AASHO standard wetting and drying test and freezing and thawing test conform to the 
limits listed under "Criteria for Soil-Cement Mixtures." 

The standard wet-dry and freeze-thaw tests were initially devised to test the inter
action due to changes in moisture content and density. Thus the tests were not initial
ly intended as measures of durability. However, because time is an important factor 
in the tests (12 alternations of wetting and drying, and 12 alternations of freezing and 
thawing) and because laboratory results have been correlated with field experience, 
the tests do yield relative values indicative of the lasting quality of the mixtures test
ed. Thus any mixture that satisfies criteria for soil-cement must satisfy certain min
imum requirements indicative of durability. 

Illustrative examples showing values for the effect of age and cycles of alternate 
wetting and drying and freezing and thawing on compressive strength, plasticity index. 
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and other physical properties are given in the foregoing, and under "Factors Influenc
ing the Physical Properties of Cement-Treated Soil." (See Figs. 15, 35, 36, 37, 42, 
43, 47, 48, 51, 52, 53, 62, 63, 66, 68, 70, 71, 72). 
Optimum Moisture Content and Maximum Density of Soil-Cement 

The optimum moisture contents and maximum densities of compacted soil-cement 
are approximately the same as those of the raw soil for a large proportion of the soils 
tested when normal mixing times are observed. Some soils do exhibit marked depar-

TABLE 8 
MAXIMUM DENSITIES AND OPTIMUM MOISTURE CONTENTS OF SOIL-CEMENT 

COMPARED TO CORRESPONDING VALUES FOR RAW SOILS 

Change in Optimum 

Soil Group and Type 
Change in Maximum 

Density (in pcf) 
Moisture Content 

(in percentage units) 
A-2 sandy loams 0 to + 3 -1 to + 1 
A-3 sands 0 to + 6 0 to - 1 
A-4 silts and loams 0 to - 6 0 to + 3 
A-5 silts -3 to + 1 0 to - 3 
A-6 medium clays 0 to + 1 0 to - 2 
A-6 heavy clays -1 to + 2 0 to - 4 

tures in optimum moisture content and maximum density, but they are limited in num
ber. Most departures are of the order of 1 to 3 pcf. 

When cement is added, increases in density usually occur for sands and sandy soils 
and sometimes in small degree for heavy clays. Little or no change occurs for the 
light to medium clays. Decreases in density may occur in silts. 

Decreases in optimum moisture content occur for clays. Increases occur for the 
silts and little or no change takes place for sands and sandy soils. 

Table 8 gives typical ranges of increase and decrease in laboratory-determined val
ues of optimum moisture content and maximum density resulting from the admixing of 

cement in proportions necessary to satisfy 
PCA criteria for soil-cement for different 

500i 1 soil groups. 
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of 

Interrelationships Between Properties 
of Cement-Treated Soil 

Compressive Strength vs Flexural 
Strength. —Examination of comparable data 
on unconfined compressive strength and 
flexural strength (14, 30) of hardened ce
ment-treated soil shows that a nearly l in
ear relationship exists at all cement con
tents, at all ages. The modulus of rupture 
is approximately 20 percent of the com
pressive strength. 

Moduli of Elasticity (14).—The dynamic 
modulus of elasticity, E^, and the static 
modulus in flexure, Egj, at 33 percent of 
ultimate strength are equal, within limits 
of experimental error. Figure 5 shows 
data for four different soils (Fig. 1) each 
at several different cement contents and 
tested at three ages (7, 28 and 90 days). 
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The static modulus of elasticity in compression averages slightly more than 60 per
cent of the static modulus in flexure (Figs. 4 and 5). 

The static moduli in compression, Egcj of dry specimens of soils No. 1 and No. 3 
(Fig. 1) containing 3 percent cement averaged 29 percent of those of comparable moist 
specimens, and the moduli of dry specimens containing 10 percent cement averaged 54 
percent of those of comparable moist specimens. (Also see wet/dry strength ratio.) 

Modulus of Rupture vs Modulus of Elasticity, Erf.—The relationships between modu
lus of rupture and dynamic modulus of elasticity, Ed, are linear except for the lower 
strengths for silty and clayey soils. They are linear for cement-treated soil meeting 
criteria for soil-cement. The illustrative examples in Figure 22 show that the rela
tionship differs for different soils, the ratio of flexural strength to Ed being higher for 
the sandy soils. 

Compressive Strength vs Dynamic Modulus, Erf. —The relationships are linear but 
the curves for different soils are in different positions as is indicated in Figure 22, 
which shows the relation between modulus of rupture and Ed. The ratio of compres
sive strength to the modulus Ed is considerably higher for the silty and clayey soils 
than for the sandy soils. 

Illustrative Values of Elastic and Strength Properties. —For the purpose of compar
ison, illustrative values of properties are given in Table 9 for the four soils whose in
dex properties are shown in Figure 1. 

TABLE 9 
ILLUSTRATIVE VALUES OF THE ELASTIC AND STRENGTH PROPERTIES 

OF SOIL-CEMENT MIXTURES (14) 

Cement Cont. Mod. of 
(%) Compr. Mod. of Elast.b 

Soil By By Strength" Rupture" (psi X 10 )̂ 
Type No. Wt. Vol.^ (psi) (psi) Ed Esc 

Sand 1 3.8 5 450 110 2.05 
6.0 8 800 180 2.75 -
8.5 11 1,225 260 3.30 -

Sandy loam 2 3.8 5 300 80 1.40 0.90 
6.1 8 650 145 2.00 1.25 
8.6 11 1,025 215 2.60 1.65 

Clayey sand 3 5.7 7 475 105 1.30 -
8.3 10 625 150 1.50 -

11.0 13 800 195 1.75 -
SUt loam 4 8.0 9 525 125 0.90 0.55 

11.1 12 725 155 1.05 0.65 
14.2 15 900 190 1.25 0.75 

Ôaie lowest cement content i n this colximn for each s o i l i s the quantity required to pro
duce soil-cement that w i l l pass presently accepted c r i t e r i a for base course construction. 
*At 28 days, moisture. 

Relation Between CBR and Compressive Strength. —British studies (23, 44) indicate 
a linear relationship between CBR and unconfined compressive strength for cement-
treated soils containing a predominance of fine grains or sand. Results of comparative 
tests are shown in Figure 24, and for a heavy clay in Figure 23. Limited testing in 
the United States indicates near linear relationships for two Tennessee chert gravels 
as indicated in Figure 23. Both of the chert gravels contained a large proportion of 
gravel, which may account for the lack of linearity for these materials. The available 
data show that whereas the relationships vary for different cement-treated soil mix
tures, those relationships are not indicated by the CBR values for the raw soils. 

Relation Between Cohesion and Internal Friction. —Cement-treated soil develops 
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values of cohesion and internal friction 
that are markedly higher than values for 
the raw soil (24). Triaxial shear tests 
have been performed on two soils whose 
index properties are shown in Figure 25. 
The tests were made on vacuum-saturat
ed raw soil and cement-treated soil spec
imens 5 in. in diameter by 14 in. high, 
compacted in a split mold in nine layers 
under 39 blows per layer (Standard AASHO 
compactive effort). Lateral pressures of 
10, 20, and 30 psi were used in the t r i 
axial tests. 

Data shown in Figure 26 illustrate the 
effect of 4 percent cement on C and ^ for 
a soil considered only slightly sub-stand
ard. The 4 percent admixture was suffic
ient to produce a mixture that satisfies 
criteria for soil-cement. The results of 
triaxial tests made on soil No. 13 treated 
with varying amounts of cement (0 to 10 
percent) are shown in Figure 27. Cohe
sion increased with increase in cement 
content to a maximum at 6 percent cement 
and then decreased; showed a marked in
crease between 6 and 8 percent cement 
for the lateral restraining pressures used. 
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The PCA study of the shear strength 
and elastic properties of cement-treated 
sandy and silty soil mixtures under t r i -
axial loading (16) showed that the coeffi
cient of internal friction (tan +) was re l 
atively constant for cement-treated spec
imens of each soil regardless of cement 
content and age. Values for moist-cured 
cement-treated soil specimens averaged 
0.96 (<t' = 44 deg) for the sandy soils and 
0.73 ( = 36 deg) for the silty soils. 
These average values were larger than 
for specimens molded f rom the untreated 
soils, as indicated by the values 0.79 
(<|> = 38 deg) lor the untreated sandy soil 
specimens, and 0.52 (•!> =27 deg) and 
0.43 ( 4> = 23 deg) for the untreated silty 
soil specimens. Specimens tested dry 
had considerably h ^ e r tan ^ values than 
companion moist-cured specimens. Co
hesive strengths (C) of moist-cured spec
imens at age 28 days ranged from about 
35 to 530 psi and depended on cement con
tent and type of soil. The rate of increase in 
C values with increase of cement content was 
greater for the sandy soils than for the silty 
soils. The cohesive strength also increased 
with age. In general the 90-day values were 50 percent or more than the 7-day values. 
Dried specimens had significantly higher cohesive strengths than moist-cured speci
mens; soaking specimens prior to triaxial testing lowered cohesion. 

Triaxial tests have been performed on three sandy and two silty Georgia soils to 
determine the effect of 0, 7, 9, 12 and 15 percent Portland cement on the cohesion and 
the coefficient of internal friction of specimens moist-cured for 28 days (46). Cement-
treated specimens had higher tan ^ values than untreated specimens, ajuT for each 
soil tan ^ was relatively constant at all cement treatments; average values of tan • for 
the cement-treated sands ranged from 0.93 (<t> = 43 deg) to 1.28 (<t> = 52 deg), for the 
cement-treated silts from 0.81 ( = 3 9 deg) to 0.93. C values increased as cement 
content increased; for the sands C values ranged from 0 to 245 psi, for the silts f rom 
75 to 135 psi. 

SOIL NO. 13 

2 4 6 8 10 
CEMENT CONTENT-PER CENT 

Figure 27. Influence of cement 
cohesion and internal f r i c t i o n 

gravel (,2k). 

content on 
of a chert 



Factors Influencing Properties 
Of Cement-Treated Soil 

GENERAL 
The materials, mix proportions, construction methods and environmental conditions, 

natural and artificial, al l have an influence on the properties of cement-treated soil. 
Knowledge of the nature of these influences is basic to an understanding of the behavior 
of cement-treated soil. The degree or extent of influence of the various factors is ex
pressed in terms of interrelationships that are the result of measurements of cause 
and effect. The relationships shown are in the form of illustrative data rather than 
typical or average values. For the purpose of presenting a maximum of illustrative 
data in the space permitted, the factors that influence properties of cement-treated 
soil are grouped according to: (a) the nature of the materials and the proportions of 
the mix (soil, cement and water); (b) mixing and compacting; (c) the conditions of cur
ing (including aging); and (d) beneficial admixtures (soil amendments and additives). 

NATURE OF MATERIALS AND PROPORTIONS OF MIX 
The Son 

Factors are present in soils that prevent uniform reaction with cement and water, 
thereby adversely affecting the strength and durability of the stabilized soil. These 
contributing factors—inherent nature of the soil; its composition, both physical and 
chemical; its texture, expressed in terms of grain-size distribution; its responses 
to water; its workability-are so diverse, yet so interrelated in influence, that no one 
has a constant, major predominating effect. The nature of and the effects of the in
fluencing factors have not yet been fully e;q)lored. However, data that are available 
are shown here in the form of illustrative examples, or sources where data may be 
found are indicated. 

Soil Identification Groups—Great Soil Groups. —The effect on cement stabilization 
of soil compositional variables such as the content of sand, silt, clay, and organic 
matter or sulphates or other constituents, are so strong within the different Great 
Soil Groups (Podzol, Grey-Brown Podzolic, Red and Yellow, Prairie, Chermozem, 
Dark Brown, Desert soils, etc.), that they overshadow the influences of the broad 
group effects. The susceptibility of laterite and lateritic soils to stabilization varies 
from excellent to poor depending on the organic content and degree of laterization (47). 

Soil Series and Horizon. —The earliest correlations of soil series and cement re
quirements in North Carolina (48) showed that soUs of the same series and horizon 
(as identified by the U.S. Department of Agriculture system of identification) require 
the same amount of cement to produce soil-cement. In other words, similar parent 
materials with similar topography and exposed to similar climatic conditions produce 
soils that have simUar influence on the properties of cement-treated soil. This is dis
cussed further under "Preliminary Surveying and Sampling for Cement-Treated Soil 
Construction," and under "Testing and Mix-Design for Soil-Cement." 

Soil Classification Groups. —The influence of the nature of the soil is also indicated 
by the ranges of cement requirements to produce soil-cement for the various AASHO 
(M 145-49) (Standard Specifications for Highway Materials and Methods of Sampling 
and Testing, Part I , Specifications, pp. 45-51, 1955) and Unified System soil groups. 
The ranges of cement requirements for different AASHO soil groups and materials are 
given in Tables 30 and 31. 

Aggregate Retained on No. 4 Sieve (49).—The addition of coarse aggregate (material 
retained on No. 4 sieve) to fine-aggregate soil (material passing the No. 4 sieve) in ef
fect increases the cement content of the fine-aggregate soil and thus increases strength. 

29 



30 

8 0 0 

UJ 
I 4 0 0 

UJ 
| . o o 

I 0 

C O A R S E S A N D 

F I N E SANDY LjOAM 

C E M E N T TONTENT B Y W E I G H T O F 
F R A C T I O N P A S S I N G N Q 4 S I E V E 
H E L D C O N S T A N T 

L O A M Y S A N D 

10 2 0 3 0 4 0 
M A T E R I A L R E T A I N E D 

ON N0 .4 S I E V E - P E R C E N T 

5 0 

Figure 28. Effect of material retained on 
the No. k sieve on the ccmpressive 

strength of soil-cement (j ^ 2 ) . 

K the cement content by weight in the 
fraction passing the No. 4 sieve is held 
constant, the compressive strength is not 
affected appreciably by the proportion of 
coarse aggregate unless that proportion 
is greater than 50 percent by weight of 
the total material. The effect of the ma
terial retained on the No. 4 sieve is indi
cated in Figure 28. 

Clay Content. —Only in artificially pre
pared mixtures of sand and clay or in nat
ural deposits where changes in clay con
tent occur gradually is i t possible to show 
clearly the influence of clay content on 
cement-treated soil. An example of the 
influence of clay content is illustrated in 
Figure 29 where values of modulus of e-
lasticity in compression are given for ce
ment-treated sand-clay mixtures ranging 
in proportions from 0 to 100 percent clay. 

The loess soils of southwestern Iowa (32) can be used to illustrate the influence of 
clay content. The grain-size accumulation curves of four Iowa loess soils taken at 
points across the loess belt (Fig. 30) are similar in shape but show marked variance 
in both silt and clay contents, becoming progressively finer textured from west to east. 
Average sphericity of the grains is constant for various soils. Mineralogical composi
tion of silt sizes shows little difference in quartz content but does show a decrease 
from west to east in feldspar content. Clay mineral tests on the minus 2 micron (0.002 
mm) material shows an increase in clay content from west to east—the clay content 
tripling. 

The influence of the increase in clay 
content is shown in Figure 31 in terms of 
the cement required to produce soil-cement. 
The cement requirements increase with in
crease in clay content. The critical crite
rion was weight loss after brushing in the 
freeze-thaw test for samples 55-1 and 20-2, 
and volume change in the freeze-thaw test 
for samples 26-1 and 43Va-l, which contain 
the highest proportions of clay. 

Surface Area. —Until the development of 
the glycerol retention test for measuring 
surface area of soils, the influence of sur
face area on the properties of soil-cement 
had not been determined with accuracy. 
Recently (50) correlations have been made 
between surface area determined by the 
glycerol retention method and the cement 
contents required for cement-treated soU 
mixtures that satisfy freeze-thaw test c r i 
teria for soil-cement. An illustration of 
the relationship between surface area and 
cement requirements for 18 soils having 
less than 45 percent silt is shown in Figure 
32. The application of this correlation to 
testing is described under "Testing and 
Mix Design for Soil-Cement, Short Cut 
Method for Plastic Clayey Soils." 

Liquid Limit and Plasticity Index (22, 
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Cement content (by weight) at which 10 percent loss would occur in 12 cycles 
of the freeze-thaw test vs surface area (50). 

27. 28. 29̂  33̂  34).—The plasticity of a soil has marked influence on the properties of 
cement-treated soil (28). However, other raw soil properties usually exert such strong 
influence that well-defined relationships between plasticity and the nature of the cement-
treated soil are not always evident. General trends are evident for several types of 
soils, and relationships can be drawn for soils from uniform deposits of the nature of 
loess. The relationship for which the best correlation has been made is that between 
plasticity and approximate minimum cement requirements to satisfy criteria for soil-
cement. 

Generally, no relationship has yet been found between plasticity (LL and PI) and ce
ment content for soils of the A-2 and A-3 groups. For soils of the A-4 group there is 
a noticeable trend of increasing cement requirement with mcrease in liquid limit (28). 
The trend is more marked for soils of the A-6 and A-7 groups. Nevertheless, the 
range in cement requirements for a given plasticity index is too great to permit the 
accuracy desired for practical application in determining cement requirements on the 
basis of plasticity alone. 

Because the loess soils of southwestern Iowa (32) show a consistent increase in 
plasticity from west to east, they present one of the best examples of the nature of the 
influence of plasticity when interpreted in terms of minimum cement requirements to 
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feet of age on plasticity over periods up to several years is shown in Figure 35, which 
shows plasticity indexes after various periods of hydration for different proportions of 
cement admixtures to a given soil. 

Inasmuch as relatively low cement contents are used to modify plastic granular 
soils, and the end product (cement-modified granular soil) does not necessarily satisfy 
criteria for soil-cement, there has been some question of the permanency of the effect 
on plasticity. Two series of tests (22, 33) have been made to determine the effect of 
alternate cycles of freezing and thawing on the reduced plasticity index of the cement-
modified soil mixtures. The reduced 
plasticity of the mixtures is not detri
mentally affected by cycles of freezing 
and thawing of the order indicated in Fig
ure 36. 

Chemical Composition—General. —The 
constituents of soils include substances 
that react with cement to different degrees. 
Normally reacting soils may differ in de
gree of reaction depending on the nature 
of the cations associated with the clay-
size materials. Soils that do not react 
normally with cement may owe that pro
perty to the presence of a form of organ
ic matter that causes delayed setting or 
to the presence of sulfates that cause 
swelling and/or reduction in strength in 
the presence of water. 

Surface Chemical Factors. —The ef-
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Figure 36. Effect of cycles of alternate 
freezing and thawing on the p l a s t i c i t y 
Index of cement-treated s o i l s (22, 33) . 

feet of surface chemical factors has not 
yet been sufficiently e:g>lored to permit 
appraisal of their influence as chemical 
factors. It is known that satisfactory 
soil-cement has been produced from soils 
whose pH values ranged from 4 to over 
10. However, care is needed to inter
pret pH and organic content as separate 
variables because soils containing more 
than 5,000 ppm (parts per million) or
ganic matter are acid ^ ) . The nature 
of the dominant cation in soil clay has 
strong influence not only on the properties of the raw soil but also on the properties of 
the cement-treated soil. That has been determined experimentally for four clay soils 
by ionic substitution (51). A summary of the effects of various cations is given under 
"Beneficial Admixtures." 

Organic Matter. —Undecomposed vegetation such as roots and twigs, the carbon 
compounds—coal, carbon, etc. —and other water-insoluble compounds derived from 
vegetation do not cause an unfavorable reaction with cement. 

The quantity of organic matter in ppm is not a direct indication of its potential in
fluence; some sands with only 1,000 ppm require high cement contents for hardening. 
However, when the Standard Colorimetric Test (52) indicates more than 2,000 ppm, 
the organic matter may influence the reaction with cement if measured by the com
pressive strength. Yet, some soils with up to 30,000 ppm (3 percent) organic matter 
have been hardened with 8 percent cement by volume (28). When the colorimetric test 
value is in excess of 4,000 ppm, it is suggested that preliminary tests be made at 
higher-than-normal cement contents for the texture of the soil. 

The Portland Cement Association has developed a calcium absorption test for quick
ly identifying sandy soils that wi l l probably react poorly in cement-treated sand mix
tures (53). 

Experimental work with several types of organic matter (54) has shown that organic 
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compounds with high molecular weights such as cellulose, starch and lignen do not af
fect the strength of cement-treated soil, whereas those of lower molecular weights-
such as nucleic acid and dextrose—act as hydration retarders and result in reduced 
strengths. It has been concluded from tests of organic surface soils that: retardation 
of setting and strength reduction are related, not to the total amount of organic matter, 
but probably to some active fraction of i t ; the activity of these surface soils is associ
ated with their capacity to absorb calcium ions (54); the fraction particularly respon
sible probably contains carboxylic acid or phenolic functional groups whose existence 
in soil organic matter has been demonstrated. 

The deleterious material occurs in the top organic layer at or below the lower black 
organic layer of podzol soil profiles (55). (Podzol soils develop under conditions of 
cool, moist climate that provide abundant vegetative cover. The soils are acidic. 
Leaching is intense and the organic and inorganic colloidal components are translocated 
from the upper horizons downward to depths up to 10 f t depending on the soil texture.) 

Methods for overcoming the deleterious effects of organic matter in cement-treated 
soils are covered under "Beneficial Admixtures." 

Sulfate Content. —When ground water carries sulfates the water can enter cement-
treated sou and combine with tricalcium aluminate in the hydrated cement and produce 
calcium sulfo-aluminate. When the sulfate is magnesium sulfate the action is more 
marked in that it can also attack the calcium silicate in the hydrated cement. Both 
reactions are accompanied by large increases in volume of the soil-cement and in re
duced strengths. 

Experimental studies (56) have been made with a clay soil having 30 percent minus 
0.002-mm grain-size material, a liquid limit of 45 and a plastic limit of 26. Compres-
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sive strength specimens 2 in. in diameter by 4 in. high were prepared that were sub
jected to different forms of sulfate attack. Specimens were coated with paraffin and 
stored at 25 C (77 F). One specimen was stored 14 days, the other stored 7 days, the 
wax coat removed and the specimen immersed in water for 7 days before testing. 

The f i rs t study was made on the effect of the presence of calcium sulfate in the clay. 
Specimens were made with 10 percent ordinary Portland cement and compacted to an 
air voids content of 5 percent for moisture contents ranging from 17 to 35 percent. One 
set contained 1 percent calcium sulfate, the other contained no sulfate. The results 
show that as the moisture content is increased, the strength of the normally cured ce
ment-treated soil, both with and without sulfate, decreases and the presence of sulfate 
has no significant effect. However, on immersion in water, the sulfate causes signifi
cantly lower strengths. Tests were made at two moisture contents and at various sul
fate concentrations to determine the effect of sulfate concentration. The results, indi
cated in Figure 37, show that strengths of normally cured specimens are little affected 
by sulfate concentration (and that the high moisture content results in reduced strengths), 
and that the sulfate concentrations in excess of 0.5 to 1.0 percent greatly reduced the 
strength of immersed specimens. 

Strengths produced by sulfate-resistant cement are not significantly greater than 
with ordinary cement. 

Specimens also were prepared (26 percent moisture and 10 percent cement) and cur
ed for 7 days and then immersed in a solution of magnesium sulfate for 7 days. The 
results of those tests indicate that when the concentration of sulfate in the water exceeds 
0.05 percent, significant reduction in strength occurs. 

The experiments also show that m cement-treated soil made from sulfate-bearing 
soil, capillary movement can cause deposition of salt and detrimental action in the 
form of expansion m the zone where the salts crystallize. 

Soil State—General. —The quality of cement-treated soil in large measure depends 
on the soil state during mixing and compacting. The degree of pulverization limits the 
degree of mixing possible. The moisture content has a major influence on not only the 
density, but also on the manner in which the mass is "knit" together (coheres), and it 
has a bearing on cement hydration. The density has a marked influence on strength. 
Although there is a close interrelationship between moisture content and density, they 
are discussed here insofar as is practicable in terms of their separate influences. 

Degree of Pulverization. —Data from two series of experiments are available that 
illustrate the influence of the degree of pulverization on the properties of cement-treat
ed soil. One series (22) brings out the effect of pulverization on losses in the wet-dry 
and freeze-thaw tests; the other shows the effect of pulverization on compressive 
strength after curing and immersion in water. 

The f i rs t series (22) was made using 0, 20, and 40 percent unpulverized soU lumps 
each for an A-4 silty clay loam (LL = 37, PI = 12, SL = 20) and an A-7 clay (LL = 37, 
PI = 18, SL = 18). The lumps were of No. 4 sieve to 1-in. size. In one set for each 
soil, air-dry lumps were added to minus No. 4 sieve material that was at AASHO opti
mum moisture content and specimens were molded immediately. In another set, air-
dry lumps were added to the minus No. 4 mix that was also air-dry. Water was then 
added to bring the total mix to optimum moisture content. Wet-dry and freeze-thaw 
tests showed that when clay lumps were dry the poorest durability was obtained. Mixes 
having moist clay lumps showed good resistance to the wet-dry and freeze-thaw tests. 
The results are given in Tables 10 and 11. 

The second series (5fl) of tests was made on a very heavy clay (LL = 75, PI = 47). 
Specimens of cement-treated soil were prepared containing single-sized aggregations 
as follows: 

1. Passing B.S. (British Standard) No. 10 sieve and retained on No. 14 sieve, 
2. Passing B.S. No. 36 sieve and retained on No. 52 sieve, 
3. Passing B.S. No. 150 sieve and retained on No. 22 sieve, and 
4. Extruded aggregations Vie m. in diameter by % 6 in. long. 

Specimens were also prepared having a continuous grading from No. 14 to No. 200 
sieves and various proportions of single-sized extruded aggregations. Mixing was by 
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TABLE 10 
MOLDING DATA FOR SOIL 4b-6, PLUS 14 PERCENT CEMENT BY VOLUME, 

AASHO OPTIMUM MOISTURE CONTENT 19.8 PERCENT, MAXIMUM 
DENSITY 102.5 PCF (SPECIMENS MOLDED ONLY FOR FREEZE-THAW TEST) 

(22) 

Data on Clay Lumps Moisture Content Density Loss 
Moisture Content ("/o) of Specimen (%) of Due to 

Set 
No. 

% When Added 
Included to Mix 

After 
Mixing 

Minus 
No. 4 Mix 

Total 
Mixture 

Specimen 
(pcf) 

12 eye. 
F-T(%) 

0 _ _ 19.9 19.9 102.5 2 
A 20 3 to 4 4 to 5 19.8 16.4 103 8 

40 3 to 4 4 to 5 19.8 13,. 2 100 62 
B 20 

40 
3 to 4 
3 to 4 

13 to 18* 
13 to 19^ -

20.1 
19.7 

101 
101 

6 
8 

^ik percent clay lumps (unpulverized s o i l retained on No. k sieve) after damp mix com
pleted. 
^22 percent clay lumps (unpulverized s o i l retained on No. k sieve) after dastp mix com
pleted. 

TABLE 11 
MOLDING DATA FOR SOIL 7h, PLUS 12 PERCENT CEMENT BY VOLUME, 
AASHO OPTIMUM MOISTURE CONTENT 16.8 PERCENT, MAXIMUM DENSITY 

108.4 PCF (SPECIMENS MOLDED FOR WET-DRY AND FREEZE-THAW TESTS) 
(22) 

Set 
No. 

Data on Clay Lumps 
Moisture Content (7o) 

% When Added After 

Moisture Content 
of Specimen (%) 

Included to Mix Mixing 
Minus 

No. 4 Mix 
Total 

Mixture 

Density 
of 

Specimen 
(pcf) 

Loss 
Due to 
12Cyc. 

W-D F-T 

A 

B 

0 
20 
40 
20 
40 

2 
2 

9 to 13* 
11 to 16^ 

17.2 17.2 109 3 3 
17 ' 14.2 111 33 32 
17 11 109 100 100 

- 17.5 109.5 5 4 
- 18 1 109.5 10 6 

°20 percent clay lumps (unpulverized s o i l s retained on No. k sieve) SLfter danip mix com
pleted. 
030 percent clay lumps (unpulverized s o i l s retained on No. k sieve) after dan^ mix com
pleted. 

hand. The cement and soil was f i r s t thoroughly mixed; water was then added until opti
mum was obtained. Specimens 2 in. in diameter by 4 in. high were prepared at a state 
of compaction corresponding to an air content of 1 percent according to the method set 
out in British Standard, 1953. Specimens were cured for the following periods: 

1. Seven days coated with wax, 
2. Seven days coated with wax plus 7 days immersed in water, and 
3. Seven days coated with wax plus 28 days immersed in water after removal of wax. 

Results were as follows: 
Specimens containing aggregations of a single size. —An illustration of data showing 

the relation between compressive strength and cement content after 7 days in wax plus 
7 days immersion in water is given in Figure 38. The results of studies of specimens 
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Figure 38. Relation between unconfIned 
cao^resBlve strength and cement content 
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gregations—curing: 7 days wax coated plus 

7 days Immersion (58). 
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Figure 1*0. Relation between compressive 
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ing: 7 days In wax coating (58). 

conta in ing s i n g l e - s i z e d aggregat ions show 
ed: (a) the r e l a t i o n between s t r eng th and 
cement content i s l i n e a r ; (b) s t r eng th i n 
creases w i t h decrease i n aggregat ion s ize 
( f o r a l l t h ree c u r i n g condi t ions) ; and (c) 
s t reng th a f t e r 28 days i m m e r s i o n was 
g rea t e r i n a l l cases than a f t e r 7 days i m 
m e r s i o n . 

Specimens conta in ing graded aggrega
t ions and va r i ous p r o p o r t i o n s of % 6 - i n ag -
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Figure 39>. Relation between compressive 
strength and cement content for various 
percentages of 3/16-in« aggregations—cur
ing: 7 days wax coated plus 7 days Immer

sion (58). 

grega t ions . — A n i l l u s t r a t i o n of data showing 
the r e l a t i o n between compres s ive s t reng th 
and cement content f o r v a r i o u s percentages 
of V i e - i n . aggregat ions a f t e r 7 days i n wax 
and 7 days i m m e r s i o n i s indica ted i n F i g u r e 
39. The r e s u l t s of these tests on specimens 
conta in ing graded aggregat ions and v a r i o u s 
percentages of ^16- in . aggregat ions show 
that: (a) the r e l a t i ons between s t reng th and 
cement content a r e l i n e a r ; (b) the s t reng th 
increases w i t h decrease i n percent of ^16-
i n . aggregat ions as i s i l l u s t r a t e d i n F i g u r e 

. 40; and (c) the c o m p r e s s i v e s t reng th a f t e r 
28 days i m m e r s i o n was g r ea t e r i n a l l cases 
than a f t e r 7 days i m m e r s i o n . 
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Figure In . Effect of moisture content on 28-day campreselve strength (22). 

S u m m a r i z i n g , the qua l i ty of the cemen t - t r ea t ed s i l t y and clayey s o i l s i s highest when 
100 percent of the s o i l , exc lus ive of g r a v e l o r stone, i s p u l v e r i z e d to pass a No . 4 
s i eve . However , the qua l i ty i s not s e r i ous ly a f f ec t ed by the presence of as much as 
30 percen t unpu lve r i zed s o i l p r o v i d e d the lumps a r e m o i s t (at o r s l i g h t l y above o p t i 
mum) a t the t i m e of compac t ion of the cement - t r ea ted s o i l . I f the l umps a r e d r y at the 
t i m e of compac t ion the qua l i ty of the m i x t u r e may be s e r i ous ly i m p a i r e d . 

M o i s t u r e Content of Cemen t -Trea t ed So i l a t T i m e of Compact ion (22, 21, j O , 
59, 60» .61. 62. 63) .—Cement - t rea ted s o i l exhib i t s the same type of m o i s t u r e - d e n s i t y 
r e l a t ionsh ip as do unt rea ted s o i l s . Thus , the m o i s t u r e content a t the t i m e of compac
t i o n has s t r o n g in f luence on the p r o p e r t i e s of the cemen t - t r ea t ed s o i l . M o i s t u r e - d e n 
s i t y r e la t ionsh ips a lso have a bea r ing on cement h y d r a t i o n . However , the inf luence of 
m o i s t u r e i s r e l a t ed m o r e to i t s a b i l i t y to i m p r o v e w o r k a b i l i t y and f a c i l i t a t e compac t ion 
to obta in a coherent ( w e l l - k n i t ) mass than i t i s to the w a t e r r equ i r emen t s f o r h y d r a t i o n , 
because adequate wa te r f o r compac t ion insures adequate wa te r f o r hydra t ion p r o v i d e d 
i t i s not los t d u r i n g the c u r i n g p e r i o d . The s ign i f i c an t m o i s t u r e content i s that w h i c h 
p r e v a i l s a t the t i m e of compac t ion and throughout the c u r i n g . 

Data a r e ava i lab le f r o m a spec ia l study made on spec i f i c cemen t - t r ea t ed so i l s to 
de t e rmine the e f f ec t of m o i s t u r e and densi ty on compres s ive s t reng th and on losses i n 
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the w e t - d r y and f r e e z e - t h a w tes ts (22). The in f luence of m o i s t u r e content i s i l l u s t r a 
ted by us ing the o p t i m u m m o i s t u r e content (AASHO) as a base- l ine m o i s t u r e content 
and v a r y i n g m o i s t u r e above and below that l i n e w h i l e ho ld ing the compac t ive e f f o r t con
s tant . I t was r e a l i z e d that w i t h compac t ive e f f o r t constant , densi ty v a r i e s ; the e f fec t 
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Figure k2, Rffect of moisture content on cement-soil loss In the wet-dry test (22). 

of m o i s t u r e , however , usua l ly overshadows the e f f ec t of densi ty (22). The s o i l s used 
i n the tes ts a re s i m i l a r to those used i n the densi ty s tudies (Table 14) . The in f luence 
of m o i s t u r e content on compres s ive s t reng th and on losses i n the w e t - d r y and f r e e z e -
thaw tests a r e shown i n F i g u r e s 4 1 , 42 and 43. Those r e s u l t s may be s u m m a r i z e d as 
f o l l o w s : 

1 . Compress ive s t reng th increases to a m a x i m u m at s l i g h t l y less than o p t i m u m 
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Figure k3. Effect of moisture content on cement-soil loss in the freeze-thaw test (22). 

m o i s t u r e f o r the sandy s o i l and the s i l t y s o i l , and a t g r e a t e r than o p t i m u m f o r the c lay 
s o i l . T h i s indica tes that f o r s o i l 7d (Tab le 14) , h a v i n g an i r r e g u l a r c u r v e , the base
l i n e m o i s t u r e content may have been too l o w and should have been about 36 percent (the 
p las t i c l i m i t i s 35) ins tead of 31 pe rcen t . The f a c t tha t s t r eng th reaches a m a x i m u m 
and decreases i n a manner somewhat l i k e that of the m o i s t u r e - d e n s i t y cu rve suggests 
that the e f f ec t of dens i ty i s s t r o n g . T h i s r e s u l t e d i n add i t iona l tes ts f o r a l l t h r ee s o i l s 
i n w h i c h densi ty was he ld constant . The e f f e c t of ho ld ing densi ty constant i s g iven f o r 
th ree so i l s i n Tab le 12. The l o w e r m o i s t u r e content coupled w i t h densi ty equal to 
AASHO m a x i m u m had no s i g n i f i c a n t e f f ec t on the s t r eng th of the sandy s o i l , but p r o 
duced i n f e r i o r cemen t - t r ea t ed s o i l as ind ica ted by the reduced s t rengths accompanying 
the l o w e r m o i s t u r e content f o r the c layey s o i l s . 

2 . Resul ts f r o m the w e t - d r y and f r e e z e - t h a w tes t s show that the c layey s o i l had 
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less res i s tance at m o i s t u r e contents below AASHO o p t i m u m and the s i l t y s o i l had less 
res i s tance i n the f r e e z e - t h a w tes t at m o i s t u r e contents less than o p t i m u m . M o i s t u r e 
contents w e r e not so c r i t i c a l i n e i the r tes t f o r the sandy s o i l . 

T A B L E 12 

COMPRESSIVE STRENGTHS OF C E M E N T - T R E A T E D SOILS C O M P A C T E D 
ACCORDING T O AASHO C O M P A C T I V E E F F O R T A N D A T O P T I M U M 

MOISTURE C O N T E N T FOR B O T H S T A N D A R D A N D M O D I F I E D TESTS 

AASHO Opt . 
M a x M o i s t u r e Cement C o m p r . 

Dens i ty^ Content Content S t rength (psi) 
So i l (pcf) (%) (%) 7-Day 28-Day 

2a—sandy l o a m 121 10 .8^ 8 665 800 
2a—sandy l o a m 121 9 .0^ 8 632 769 
4d—si l ty c lay 

l o a m 108 1 7 . 0 ° 12 596 668 
4d—si l ty c lay 

l o a m 108 1 2 . 5c 12 277 293 
6e—sil ty c lay 102.5 18. 5*̂  12 417 486 
6e—sil ty c lay 102.5 13.8C 12 138 149 

BModified AASHO maximum densities for the three so i l s are: 2a = 128.5 pcf, l|-d = 121.5 
pcf, and 6e = II5.5 pcf. 
1̂ AASHO standard density and AASHO optimum moisture content. 
CAASHO standard density and Modified AASHO optimum moisture content. 

M o i s t u r e Content of C e m e n t - T r e a t e d SoU at T i m e of Tes t i ng—Wet -Dry Strength 
Rat io (14. 43. 63) . —The m o i s t u r e content a t the t i m e of p e r f o r m i n g a s t reng th tes t has 
grea t in f luence on the compres s ive s t r eng th of cemen t - t r ea t ed s o i l . One source of da
ta ( H ) shows that f o r a nonplast ic sandy l o a m s o i l ( A - l - b ) conta in ing 3 and 10 percent 
cement , the d r y s t r eng th averaged 180 percent of the s t r eng th of the m o i s t spec imens; 
f o r an A - 6 sandy c lay s o i l ( P I = 15) d r y compres s ive s t rengths averaged 245 pe rcen t 
of that of the m o i s t spec imens . 

A second source (63) of data on cemen t - t r ea t ed s o i l b locks made f r o m f o u r s o i l s (a 
sandy l o a m having a P I of 6 . 5 , a s i l t y l o a m having a P I of 10, a s i l t y c l ay l o a m having 
a P I of 19 and a l o a m s o i l having a P I of 11) showed that s t rengths of d r y specimens 
ranged f r o m 190 to 290 percen t of the s t r eng th of m o i s t spec imens . The we t and d r y 
compres s ive s t rengths f o r two of the s o i l s , the sandy l o a m and the s i l t y c lay l o a m , a r e 
shown i n F i g u r e 44 . 

The w e t - d r y s t r eng th r a t i o s of the f o u r so i l s (63) inc reased w i t h increase i n cement 
content to a m a x i m u m and decreased . Rela t ionships between w e t - d r y s t r eng th r a t i o 
and cement content f o r the same two so i l s ind ica ted i n F i g u r e 44 a r e shown i n F i g u r e 
45. T w o sets of the cemen t - t r ea t ed s o i l b locks w e r e made f r o m each of the f o u r s o i l s . 
One set was c u r e d f o r one week, d r i e d to constant weigh t and tested f o r compres s ive 
s t r eng th . The o the r set was s i m i l a r l y c u r e d , then a l l owed to sa tura te by c a p i l l a r y 
contact w i t h wet sand and tes ted a f t e r " comple t e s a t u r a t i o n . " I t i s of i n t e r e s t that the 
sa tura ted b locks , on r e d r y i n g , a t ta ined h igh s t rengths s i m i l a r to those d r i e d i n i t i a l l y 
a f t e r c u r i n g . 

The m o l d i n g m o i s t u r e content of s o i l - c e m e n t b locks tes ted (43) had some i n 
f luence on the w e t - d r y s t r eng th r a t i o . The nature of the e f f e c t i s ind ica ted i n Table 13. 

S u m m a r i z i n g , the t e s t ing of c e m e n t - t r e a t e d s o i l i n a d r y state evaluates the c o m 
bined cohesive e f f ec t of the s o i l and the cement ing ac t ion of the cement . I n a road base 
course , c emen t - t r ea t ed s o i l ex i s t s i n the m o i s t s ta te . A c c o r d i n g l y , i f r e a l i s t i c 
s t reng th values a r e to be obtained, tes ts mus t be made on m o i s t specimens as p r o v i d e d 
f o r i n A S T M methods (43). 
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Dens i ty (22. 23, 28, 6 4 ) . - T h e s t reng th and d u r a b i l i t y of c emen t - t r ea t ed s o i l a r e s t r o n g 
l y in f luenc ed by dens i ty . The r e l a t i onsh ip between s t reng th and densi ty approaches a s t r a igh t 
l i n e f o r some so i l s and cement contents (23, 64) . A 5 percent decrease m r e l a t i v e compac t ion 
may r e s u l t i n a g rea t e r s t r eng th r educ t ion than a d rop of 10 to 15 percent i n cement content 
( f r o m 10 percent cement to 9 o r sVz percent ) (64). Research by the B r i t i s h Road Research L a b 
o r a t o r y has es tabl ished that a g iven m o i s t u r e content the s t reng th of s o i l - c e m e n t i s r e l a t ed 

3500 

a. 3000 

S 2500 
a: 

U J 
> 2000 
( / ) 
CO 
UJ 
q : 
CL 

8 
Q 
U J 

O 
O 

500 

1000 

500 

SANDY L0AM,LL.=22,P.I.=6.5 / 
SAND CONTENT=68 / 
SILTYCLAYL0AM,L.L.= 38, / 
RI. = IO SAND CONTENT=IO% 

/ 
/ 

/ 
/ 

/ 
D R Y ^ ' ' 

/ 
/ 

0 2 4 6 8 10 
CEMENT CONTENT-PER CENT BY WEIGHT 

Figure Uh. Contpresslve strengths of cement-treated sandy loam and s l l t y clay loam s o i l s 
In saturated and In dry states (63). 

l i n e a r l y to the l o g a r i t h m of the densi ty (215). 
The nature of the in f luence of densi ty has been ind ica ted i n p a r t under " P r o p e r t i e s 

of C e m e n t - T r e a t e d S o i l " and " F a c t o r s In f l uenc ing P r o p e r t i e s of C e m e n t - T r e a t e d SoU, 
M o i s t u r e Content a t the T i m e of C o m p a c t i o n . " I t i s f u r t h e r ind ica ted here by the use 
of examples of data on d i f f e r e n t types of s o i l s to i l l u s t r a t e i t s in f luence on c o m p r e s s i v e 
s t r eng th and d u r a b i l i t y of cemen t - t r ea t ed s o i l . 
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Research s tudies (22) w e r e conducted on f o u r d i f f e r e n t so i l s to evaluate the e f f ec t 
of dens i ty . The index p r o p e r t i e s of the f o u r s o i l s a r e g iven i n Tab le 14. Standard 
AASHO m o i s t u r e - d e n s i t y tes t s (AASHO T 134) w e r e p e r f o r m e d . T w o of the so i l s p r o 
duced pa rabo l i c and two produced i r r e g u l a r - s h a p e d m o i s t u r e - d e n s i t y c u r v e s as i n d i 
cated i n F i g u r e 46. 

AASHO Method T 134 m a x i m u m dens i ty was used as a base - l ine dens i ty i n m o l d i n g 
spec imens . The m o i s t u r e content was he ld constant . The densi ty was v a r i e d above 
and be low the base - l ine values by v a r y i n g the compac t ive e f f o r t . Cement contents a r e 
i n pe rcen t by v o l u m e of the compacted m i x t u r e . Type I ( no rma l ) p o r t l a n d cement was 
used. 

Resul ts of the w e t - d r y , f r e e z e - t h a w and c o m p r e s s i v e s t r eng th tes ts a r e shown i n 
F i g u r e s 47, 48, and 49. These f i g u r e s p e r m i t obse rva t ion of the s i gn i f i c ance of den
s i t y i n v i e w of the adequacy o r inadequacy of the cement content ( f o r app rop r i a t e den
s i t y ) to s a t i s f y c r i t e r i a f o r s o i l - c e m e n t (See " c r i t e r i a f o r SoU-Cement" ) . The r e s u l t s 
show that i n c r e a s i n g the dens i ty : (a) decreased the b r u s h i n g losses f o r a l l m i x t u r e s i n both 
w e t - d r y and f r e e z e - t h a w tes ts but had the grea tes t e f f e c t on the c layey s o i l m i x i n the 
w e t - d r y t es t and the s i l t y s o i l m i x i n the f r e e z e - t h a w t e s t . B r u s h i n g losses decreased 
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T A B L E 13 

E F F E C T O F M O L D I N G MOISTURE C O N T E N T ON T H E W E T - D R Y S T R E N G T H 
R A T I O O F C E M E N T - T R E A T E D SOIL BLOCKS P R E P A R E D W I T H 

T W O SOILS (43) 

M o l d i n g M o i s t u r e Content 
(% of P r o c t o r op t . 
m o i s t u r e content) 

Ave rage 28-Day 
C o m p r . 

S t rength of S o i l -
Cement B locks (psi) 

) r y Wet 

W e t - D r y 
St rength 

Rat io 

Sandy s o i l ( P I between 
0 and 5) : 

80 641 285 0.445 
100 599 284 0.475 
120 553 242 0 .440 

Clayey s o i l ( P I above 12): 
100 247 140 0 .570 
130 416 165 0.395 
180 257 99 0.385 

T A B L E 14 

I N D E X PROPERTIES O F SOILS USED I N S T U D Y O F T H E E F F E C T O F D E N S I T Y 
O N T H E P H Y S I C A L PROPERTIES OF C E M E N T - T R E A T E D SOILS (22) 

Grada t ion - Percen t of T o t a l 
Sand S i l t Clay A t t e r b e r g AASHO 

Soi l 2 . 0 t o 0 .25 to 0 ,05 to 0 .005 to L i m i t s T e x t u r a l So i l 
No . 0 .25 (mm) 0 .05 (mm) 0.005 (mm) 0 .000 (mm ) L L P I S L Glass Group 

2a-3a 35 46 8 11 13 N P 21 L o a m y A - 2 
sand 

4b-3 ' ' 2 17 57 24 38 13 25 S i . c l . A - 4 
I m . 

6-e<= 2 10 35 53 49 26 17 Clay A - 6 - 7 
7 - d ° 0 14 18 68 118 83 14 Clay A - 7 

mixture of A-, B-, and upper C- horizons from South Carolina. 
hA dark gray lower A-horlzon s o i l from I l l i n o i s . 
"̂A brown B- and upper C-horizon s o i l from I l l i n o i s . 
'̂A light brown B- and C-horlzon s o i l from Mississippi. 

1 to 3% percentage uni t s f o r each pound increase i n dens i ty ; and (b) m a r k e d l y inc reased 
the compres s ive s t rengths of a l l m i x t u r e s . In genera l , an increase i n densi ty of 1 pcf 
i n the l ow densi ty range inc reased compres s ive s t rengths 15 to 25 p s i . 

Because the qua l i t y of c e m e n t - t r e a t e d s o i l i m p r o v e s as the densi ty inc reases , m i x t u r e s 
at the p r o p e r m o i s t u r e content should be compacted to the highest p r a c t i c a l dens i ty , p r e 
f e r a b l y at least equal to that obtained by AASHO Method T 134. F o r spec ia l cons t ruc t ion 
where h igh compact ive e f f o r t equipment i s ava i l ab le , i t may be economica l to make use 
of inc reased densi t ies w i t h co r respond ing ly l o w e r o p t i m u m m o i s t u r e contents . 

Because of the s t r o n g e f fec t of dens i t ies of only 5 pcf g rea t e r than Standard AASHO 
m a x i m u m and the i n t e r r e l a t e d e f f ec t of m o i s t u r e content add i t iona l tes ts have been p e r 
f o r m e d on th ree soi ls—a sandy s o i l , a s i l t y s o i l , and a c lay genera l ly s i m i l a r to those 
given m Table 14—to compare the behavior of those s o i l s when compacted by the M o d i 
f i e d AASHO procedure ( 4 - i n . d i ame te r m o l d , 25 b lows of 10 - lb h a m m e r w i t h 1 8 - i n , 
d rop on each of f i v e l a y e r s ) . 
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Figure k6. Moisture-density relations of cement-treated s o i l s used i n studies of the 
effect of moisture content and density on properties of the mixtures (22). 
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Data g iven i n Tab le 15 ind ica te the r e l a t i v e qua l i ty of the m i x t u r e produced u s ing 
basic m o l d i n g data f r o m the two compac t ion methods but w i t h cement content he ld c o n -
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T A B L E 15 

COMPRESSIVE STRENGTHS A N D W E T - D R Y A N D F R E E Z E - T H A W LOSSES 
O F C E M E N T - T R E A T E D SOIL C O M P A C T E D T O AASHO S T A N D A R D 

A N D AASHO M O D I F I E D M A X I M U M DENSITIES A N D O P T I M U M 
MOISTURE CONTENTS (22) 

S o i l 
Compact ion 

System^ 
Densi ty 

(%) 

M o i s t u r e 
Content 

(7o) 

C o m p r . 
St rength 

(psi) 

W e t - D r y 
Loss 

(%) 

F r e e z e -
Thaw 

Loss (%) 

S o i l 
Compact ion 

System^ 
Densi ty 

(%) 

M o i s t u r e 
Content 

(7o) 
7 28 

Days Days 
12 24 

Cycles Cycles 
12 24 

Cycles Cycles 

2a-4^ A 121 10.8 665 800 3 5 5 7 
B 128.4 9 732 1,303 3 4 5 5 
C 121 9 632 769 - - -

4 - d ' ' A 108 17 596 668 3 7 3 6 
B 121.5 12 .5 933 1,202 3 27 3 6 
C 108 12 .5 277 293 - - -

6e-4'3 A 102.5 18 .5 417 486 31 86 9 35 
B 115.5 13.8 427 7b9 28 97 5 6 
C 102.5 13.8 138 149 - - -

8̂ percent cement by volvme. 
t'12 percent cement by volume. 

= AASHO Standard maximum density, AASHO Standard optimum moisture content; 
B = AASHO Modified maxlmimi density, AASHO Modified optimum moisture content; 
C = AASHO Standard maximum density, AASHO Modified optimum moisture content. 

stant on a percent by v o l u m e bas i s . (Th i s means that under heav ie r compac t ion the 
cement had a g r ea t e r weight of s o i l to s t a b i l i z e . Had cement been based on percen t of 
weight of s o i l the p r o p o r t i o n of cement to s o i l w o u l d have r e m a i n e d cons tan t . ) N e v e r 
the less , the cemen t - t r ea t ed m i x t u r e s produced at the M o d i f i e d AASHO densi ty and o p 
t i m u m m o i s t u r e content a r e gene ra l ly h ighe r i n s t reng th and about equal i n d u r a b i l i t y 
to those produced at Standard AASHO va lues . However , when the l o w e r m o i s t u r e c o n 
tent of the M o d i f i e d method i s used and the dens i t ies a r e not obtained, the qua l i t y of 
the cemen t - t r ea t ed m i x t u r e s may be i n f e r i o r to that p roduced at the Standard AASHO 
o p t i m u m m o i s t u r e and m a x i m u m densi ty as i s ind ica ted f o r compac t ion sys t em C i n 
Tab le 15. 

S u m m a r i z i n g , the essent ia l r e l a t i o n s h i p associa ted w i t h qua l i ty of c e m e n t - t r e a t e d 
m i x t u r e s us ing f i n e - g r a i n s o i l s i s to compact the m i x t u r e s to the densi ty r e q u i r e d f o r 
adequate s t r eng th and at that m o i s t u r e content that p rov ides a m i n i m u m of a i r vo ids 
(23). The r e l a t ionsh ips between dens i ty , m o i s t u r e content and a i r v o i d content a r e 
shown i n F i g u r e 50. 

Cement Content (12, 19. 24) 

F o r a g iven s o i l that reac ts n o r m a l l y w i t h cement , the cement content de t e rmines 
the nature of the cemen t - t r ea t ed s o i l . The p r o p o r t i o n of cement a l t e r s the p l a s t i c i t y , 
vo lume change, s u s c e p t i b i l i t y to f r o s t heave, e las t ic p r o p e r t i e s , res i s tance to w e t - d r y 
and f r e e z e - t h a w a l t e rna t i ons , and o ther p r o p e r t i e s i n d i f f e r e n t degrees f o r d i f f e r e n t 
s o i l s . Many r e l a t ionsh ips have been ind ica ted i n t abu la r and g r a p h i c a l data presented 
i n p reced ing pa rag raphs . 

The in f luence of cement i s m o r e apparent f r o m tes ts made on t h r ee soils—a sandy 
l o a m , a s i l t y l o a m and a s i l t y c l a y — w i t h cement content the only v a r i a b l e (22). Cement 
contents w e r e v a r i e d f r o m 6 to 30 percent to b racke t the c e m e n t - m o d i f i e d s o i l type of 
s t a b i l i z a t i o n f o r the f i n e - g r a i n groups and to extend the cement contents w e l l above the 
r equ i r emen t s necessary to s a t i s f y m i n i m u m P C A c r i t e r i a f o r s o i l - c e m e n t . F i g u r e s 
5 1 , 52 and 53 show cement content v s compres s ive s t reng th r e l a t ionsh ips f o r f i v e age 
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per iods r ang ing f r o m two days to one y e a r . The index p r o p e r t i e s of the th ree s o i l s a r e 
ind ica ted on the f i g u r e s . B r u s h i n g losses i n w e t - d r y and f r e e z e - t h a w tes ts rang ing 
f r o m 12 to 96 cyc l e s , (Table 16) a r e i nd i ca t i ve of the in f luence of cement content on 
the res i s tance to those t e s t s . 

Type of Cement (22. 55, 66, 67, 68) 

N o r m a l and A i r - E n t r a i n i n g Cements . —Cont ro l led e3q)eriments c o m p a r i n g the use o f 

O 
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> 

105 
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95h 

90 

85 

ZERO AIR VOIDS 

5 % AIR VOIDS 

10 

10% AIR VOIDS 

15% AIR VOIDS A 
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MOISTURE CONTENT-PER CENT 

40 

Figure 50. Influence of density and moisture content on ccmpreBslve strength of clay-
cement-lime mixture (15 percent cement + 2 percent lime) cured 7 days. Humbers show un-
confIned can^jresslve strength, pal (LL of s o i l = 70 to 75 percent, PI = 45 to 53 per

cent (23). 

n o r m a l (Type I ) and a i r - e n t r a i n i n g (Type l A ) cements w i t h t h r ee s o i l s whose index p r o p 
e r t i e s a r e ind ica ted i n F i g u r e s 51, 52 and 53, have shown that m o i s t u r e - d e n s i t y r e l a 
t ionsh ips , c o m p r e s s i v e s t rengths and b r u s h i n g losses i n w e t - d r y and f r e e z e - t h a w tes ts 
w e r e s u f f i c i e n t l y s i m i l a r to show that the two types of cement can be used in te rchange
ab ly i n s o i l - c e m e n t c o n s t r u c t i o n . 

Compara t ive c o m p r e s s i v e s t r eng th data on c e m e n t - t r e a t e d s o i l m i x t u r e s p r e p a r e d 
w i t h l o w (0.17 pe rcen t ) , m e d i u m (0.48 pe rcen t ) o r h igh (0.92 pe rcen t ) a l k a l i content 
( to ta l equivalent as NaaO) Type I cements ind ica ted that h igh a l k a l i content i s b e n e f i c i a l 
to s t r eng th i f the s o i l contains a r e l a t i v e l y h igh p r o p o r t i o n of c l a y - f r e e quar tz su r f aces 
(66). 

H i g h - E a r l y - S t r e n g t h Cement (Type m) (22, 55̂  66, 61, 68).—Similar expe r imen t s 
(22) w i t h Type m cements have shown that the o p t i m u m m o i s t u r e contents and m a x i 
m u m densi t ies obtained a r e a p p r o x i m a t e l y the same f o r Type I and Type m cements . 
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De te rmina t ions of the in f luence of type of cement on ra t e of ga in of compres s ive s t r eng th 
w e r e made on two s o i l s i n s tudies of the e f f e c t of p ro longed m i x i n g t i m e (22). The r e 
su l t s of those f i n d i n g s f o r a sandy l o a m and a s i l t y c lay l o a m a r e g iven under " D u r a t i o n 
of M i x i n g P e r i o d " ( F i g . 59). 
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Figure 52. Effect of cement content and age on compressive strength for a medium clay 
(22). 

Compress ive s t r eng th and f r e e z e - t h a w tes ts on cemen t - t r ea t ed sandy, s i l t y and 
clayey Iowa s o i l s have ind ica ted the p o s s i b i l i t y of s i g n i f i c a n t economic a n d / o r s t r u c t u r 
a l advantages i n us ing Type m cement ins tead of Type I cement f o r s o i l - c e m e n t road 
cons t ruc t ion (66). 

Type m cement does not have the same inf luence on s t reng th f o r aU s o i l s . On loamy 
sand ( F i g . 59) the 7- and 28-day s t rengths f o r Type m cement w e r e about 2 and 1.4 
t i m e s the s t rength of the values f o r Type I cement , r e spec t ive ly ; f o r a s i l t y c lay l o a m 
the s t rength f o r Type m was only s l i g h t l y g rea t e r than f o r Type I cement . In another 
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s e r i e s of tes ts (68) on a c layey sandy s i l t (LL = 23, PI = 9, M C = 11, and M a x Den . = 
125 p c f ) the m i x t u r e w i t h Type m cement was 1.5 t i m e s as s t r o n g as that w i t h Type I 
a t 7 days and 1.3 t i m e s as s t r o n g a t 28 days . B r i t i s h exper ience (67) on th ree s o i l s 
showed tha t h i g h - a l u m i n a cement gave highest s t rengths at 24 hou r s , but the o the r ce 
ments gave h ighe r s t rengths a f t e r 5 days w i t h the cohesive s o i l s . B r i t i s h r a p i d ha rden
i n g cement (equivalent to Type m) y i e l d e d h ighe r s t rengths than n o r m a l cement at s i m 
i l a r ages . 

The e f f e c t o f s u l f a t e - r e s i s t a n t cement has been d iscussed under " C h e m i c a l Compo
si t ion—Sulfa te Con ten t . " 
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Effect of cement content and age on compressive strength for a s l l t y clay 
loam (22). 
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W a t e r 

Q u a l i t y . —Dif fe rences i n n o r m a l potable w a t e r do not cause s i g n i f i c a n t d i f f e r e n c e s 
i n the qua l i t y of c e m e n t - t r e a t e d s o i l . Sea w a t e r has been used succes s fu l l y i n c o n 
s t r u c t i o n (55). 

Quan t i t y . —The in f luence of the p r o p o r t i o n of w a t e r i n the m i x at the t i m e of compac
t i o n has been shown under " S o i l S ta te—Mois ture Content a t the T i m e of C o m p a c t i o n . " 
F u r t h e r data a r e shown under "Condi t ions of C u r i n g . " 

M K I N G A N D C O M P A C T I N G 

Genera l 

The e f f i c i e n c y of the m i x i n g and compac t ing equipment and the t i m e r e q u i r e d f o r 
m u d n g and compac t ing in f luences both the s t r eng th and the d u r a b i l i t y of c emen t - t r ea t ed 
s o i l . M i x i n g invo lves both degree and t i m e . The degree of m i x i n g (62) a l so t e r m e d 
" u n i f o r m i t y of m i x i n g " (70) and " e f f i c i e n c y of m i x i n g " (19, 71.) i s a measure of the 
thoroughness o r completeness of m i x i n g c o m p a r e d to some a r b i t r a r y s t andard . The 
degree of m i x i n g invo lves both the equipment and the p rocedu re s , and i s c lo se ly r e l a t e d 
to the type of s o i l as w e l l as i t s degree of p u l v e r i z a t i o n and i t s m o i s t u r e content . D e 
gree of m i x i n g i s a l so a f u n c t i o n of t i m e . Both the degree of m i x i n g and the t i m e b e 
tween comple t i on of m o i s t m i x i n g and comple t i on of compac t ion in f luence the p r o p e r t i e s 
of c emen t - t r ea t ed s o i l . 

Degree of M i x i n g 

The degree of m i x i n g has been measured e x p e r i m e n t a l l y by two methods . One m e t h 
od (62) i s a d i r e c t measure of the u n i f o r m i t y of cement concen t ra t ion by means of r a d i o -

TABLE 16 
EFFECT OF CEMENT CONTENT ON DURABILITY OF SOIL 

Bushing Loss f/ . OTlg Wl ) 
Cement Wet-Dry Test Preeze-Thaw Test 
Content 12 24 3« 48 60 K2 H ii 12 24 a 48 «0 72 S4 M 
(Vol %) Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles 

8 6 10 14 18 21 24 27 28 12 19 25 30 37 42 46 51 
10 4 6 7 9 11 12 13 14 5 8 10 13 16 17 19 21 
12 2 3 3 4 5 6 6 6 2 4 5 7 9 10 11 12 
14 2 2 2 3 3 4 4 4 1 2 3 4 5 6 6 7 
18 1 1 1 1 1 2 2 2 0 1 1 1 2 2 2 3 
22 0 1 1 1 1 1 1 1 0 0 1 1 1 1 1 2 
28 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 1 
30 0 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
8 7 29 S3 67 72 75 80 87 21 58 70 82 02 100 100 100 

10 5 25 43 54 63 70 76 83 7 24 33 53 66 74 88 93 
12 4 21 33 48 58 62 67 78 3 6 9 16 21 40 45 55 
14 2 e 27 35 46 47 52 60 2 4 9 14 18 20 21 24 
18 2 4 11 18 22 38 47 56 2 2 2 3 5 5 5 5 
22 1 2 7 8 9 12 17 20 2 2 2 3 S 5 5 5 
28 1 1 1 3 4 5 7 9 1 1 2 3 4 4 4 4 
30 1 1 1 3 3 4 4 5 1 1 2 2 3 4 4 4 
8 9 24 40 61 72 78 80 92 10 19 36 61 84 100 100 100 

10 7 18 33 45 48 40 52 56 6 18 28 41 86 100 100 100 
12 3 10 16 27 39 43 45 46 3 4 7 9 41 64 83 07 
14 2 4 0 18 24 31 33 35 3 4 7 8 10 29 43 52 
18 1 1 2 8 11 15 19 24 2 2 3 3 4 4 4 34 
22 1 1 1 2 8 7 9 11 1 1 2 2 3 3 3 27 
26 1 1 1 1 1 1 3 5 1 1 1 2 2 2 2 3 
30 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 3 

ac t ive t r a c e r technique . B y g r i n d i n g Cobal t 60 w i t h the cement , a s c i n t i l l a t i o n counter 
can be used to measure the u n i f o r m i t y of cement d i s t r i b u t i o n i n the s o i l . 

I n the o ther method, B r i t i s h engineers (71) use as a measure of f i e l d m i x i n g e f f i c i e n 
cy the r a t i o of the s t r eng th of specimens molded f r o m the f i e l d m i x to the s t reng th of 
spec imens molded f r o m the f i e l d m i x a f t e r add i t iona l l a b o r a t o r y m i x i n g . The e f f i c i e n c y 
of m i x i n g i s computed f r o m the average compres s ive s t r eng th of specimens m i x e d only 
by f i e l d m i x , Cf , d i v i d e d by the co r r e spond ing value f o r the r e m i x e d spec imens , C r . 
That i s . 

E f f i c i e n c y of m i x i n g : ^ X 100 (percent) 

B r i t i s h exper ience indica tes that 60 percen t e f f i c i e n c y i s t y p i c a l of m i x - i n - p l a c e w o r k by 



54 

the multi-pass process for cohesive soils. 
That is, if the compressive strength of the 
laboratory re-mixed material is 400 psi, 
the corresponding value for the field mix is 
240 psi. Higher efficiencies are obtained us
ing the multi-pass process with granular 
soils and using the single-pass process with 
cohesive soils. Efficiencies approaching 
100 percent are often obtained using plant-
mix with granular soils. K the field strength 
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Figure 55. Ifeifomlty of mlylng Class A 
cement-treated base by plant-mix (piignin ) 
method (70) {h to 5 percent cement). 

UJ 30 

UI 
Q. 

20 h 

10 h 

38 TESTS 

MODE = 576 
STD DEVIATION = 108 
^ = 18 9% = COEFF 

OF VARIATION 

- 1 -
200 400 600 800 1000 1200 

28-DAY COMPRESSIVE STRENGTH - PSI 

Figure 56. Itoifonnity of in-place mixing 
of Class C cement-treated base by blade 

method (70) (2 percent cement). 

is accepted as a reliable and quick indication 
of stability, it can be used to advantage In 
judging the degree of mixing. British studies 
(71) show that it a given strength is desired, 
the cement requirements increase as mix
ing efficiency decreases. Figure 54 shows / 
that a mixing efficiency of 60 percent, which 
is highby some standards of plant perform
ance, means that under equal moisture 
conditions 5 percent more c ement has to be added to obtain a field strength of 2 50 psi than if 
an 80 percent efficiency in mixing can be achieved. Field experience has shown that values 
as high as 90 percent have been achieved (19, 215). 

Field studies have been made (70) to determine the comparative "uniformity of mixing" of 
Class A Cement-Treated Base. Figure 55 shows the uniformity of mixing in terms of uniform
ity of strength for Class A Cement- Treated Base that was plant mixed in a pugmill. Figure 56 
shows similar data for a blade-mixed Class C Cement-Treated Base. These graphs show that 
a better grouping of test values was obtained with the Class C mix than with the Class A mix; 
the strengths, however, wereconsiderably higher for the Class A mix and a greater spread of 
values is to be expected. The data were subj ected to statistical analysis and the standard devi
ation and coefficient of variation (which makes allowanc e for the higher strength in Class A) 
computed. The values of 18.9 percent obtained for the Class C mix is slightly higher than the 
16 perc ent for the Class A, indicating only slightly poorer uniformity for the Class C mix. 
IXtration of Mixing Period (22, 23, 40, 41) 

Relative values of optimum moisture content and maximum density for laboratory- mix-
edsoil-cementpreparedfrom various types of soilare given in Table 8. Increasingthe 
period of moist mixing and/or delaying compaction following completion of the moist mixing 



55 

6 0 0 

5 0 0 

w a. 

o z 
UJ 
p: 
UJ 

> 
UJ 
tr. 
a. S 
8 

I 
00 
CVI 

- S O I L 2-0 
8 % C E M E N T 
1 3 % M O I S T U R E 

4 0 0 

3 0 0 
S 0 I L 4 - b 
1 4 % C E M E N T 
2 2 5 % M O I S T U R E 

2 0 0 

100 

generally increases the optimum moisture content, reduces the maximum density, de
creases the compressive strength, and increases the brushing losses in the wet-dry 
and freeze-thaw tests. The degree of the influence on each varies widely depending on 
the soil type, the period of mixing or period of delay (or both), and the cement content. 

Prolonged intermittent mixing (up to 6 hours) may increase the optimum moisture 
contents for maximum compaction of cement-treated sandy loam soils about one per
centage unit, silty soils one to two percentage units, and clayey soils one to three per
centage units (22). Prolonged delay (up to 6 hours) may further increase the optimum 
moisture contents. Prolonged delay may have a similar but more or less pronounced 
effect on the optimum moisture content 
for maximum strength, the effect being 
less for sands, about the same for silty 
soils and markedly greater for clays (40). 

Extended mixing reduces densities of 
sands in the order of 0 to 1 pcf, of sandy 
loams up to 3 pcf, of silty soils 2 to 4 
pcf, and of clays up to 5 pcf or more. 
Prolonged delays without mixing may fur
ther extend these values. Maximum val
ues recorded for extended mixing and de
lay for clays range from 8 pcf {M) to 11 
pcf (41). 

More significant is the influence of 
prolonged mixing and delay on compres
sive strength and durability. Laboratory 
studies (22) were made on three soils—an 
A-2 sandy loam (LL = 26, PI = 11), an 
A-4 silty clay loam (LL = 35, PI = 12), 
and an A-6-7 clay (LL = 47, PI = 26)-to 
determine the effect of prolonged inter
mittent mixing on compressive strength. 
The relationships developed are shown in 
Figure 57. All soils showed a decrease 
in strength with increase in intermittent 
mixing time. Prolonged intermittent 
mixing was found less harmful than an 
undisturbed delay. Australian studies 
(40) of the effect of delay show marked 
decreases in strengths for some soils 
and lesser effect on the strengths of oth
ers. The results of their studies are in
dicated in Figure 58. 

The Australian studies (40) showed 
that by increasing the compactive effort 
and thus bringing density values near to those for "no delay" the strength would be 
nearer to the "no delay" strength values. 

Studies of prolonged intermittent mixing (22) were also made to determine its com
parative effect on the compressive strengths at various ages of cement-treated soil 
mixtures made with Type I (normal) and Type m (high-early-strength) cements. The 
soils used were an A-2 nonplastic loamy sand and on an A-4 silty clay loam (samples 
2a-6 and 4-d, Table 14). Strengths for both soils at all cement contents and for both 
mixing procedures ("zero-hour" mixing and 4-hour intermittent mixing) were consis
tently greater with the Type m cement. The effect of prolonged mixing period on 
strengths produced by the two types of cement are shown in Figure 59. 

Wet-dry and freeze-thaw test brushing losses increase as the length of moist mixing in
creases. This is most pronounced when there is no intermittent mixing for an extended period. 
However, inasmuch as there is usually some intermittent mixing, data are presented here 
on that basis. The data shown in Figure 60 indicate that the least possible time consistent with 
thorough moist mixing and adequate compaction should be used. S mixing is intermit-

S 0 I L 6 - e 
1 2 % C E M E N T 
2 1 % M O I S T U R E 

0 2 4 6 
MIXING T I M E - H O U R S 

Figure 57. Effect of length of "̂ •y<"e tine 
on the canrpreaslve strength of cement-
treated s o i l s (22) (inteznlttent nixing). 
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tent, total mixing time up to 4 hours is not seriously detrimental. 
British experience indicates that with many soils difficulties arise m obtaining adequate 

compaction if there has been undue delay between the commencement of mixing and compac
tion. This seems to conflict with the foregoing conclusion that mixing can be continuedfor 4 
hours without detriment (215). 

CONDITIONS OF CURING 
Field Curing (aS. 12, IS . lA) 

Data on properties of cement-treated soil, on factors that influence those properties, 

DATA ON SOILS AND ON CEMENT-TREATED SOIL MIXTURES 
Soil Texture 
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Figure 58. Effect of delay 'between wetting and compaction on compressive strength (ko). 
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and on p e r f o r m a n c e of cemen t - t r ea t ed s o i l a r e a l l based on the assumpt ion that ade
quate m o i s t u r e i s r e t a ined i n the compacted m i x t u r e d u r i n g the s p e c i f i e d c u r i n g p e r 
i o d of 7 days o r l o n g e r . I t i s assumed a l so tha t c u r i n g i n the l a b o r a t o r y m o i s t r o o m 
meets s tandard r equ i r emen t s of h u m i d i t y and t e m p e r a t u r e . 

Data on m o i s t u r e re ten t ion by s o i l - c e m e n t under b i tuminous seals a r e ava i l ab le 
f r o m coopera t ive s tudies i n f o u r s tates (72, 73) . F o u r types of b i t uminous m a t e r i a l 
w e r e used: M C - 2 ( I l l i n o i s ) , R C - 1 (Nebraskay7 M C - 3 Negative Ol iens i s Spot tes t ma te -
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Figure 59. Comparison of strengths obtained with normal (Type I ) cement and high-early-
strength (Type I I I ) cement for a loamy sand ( s o i l 2a-6) and a s i l t y clay loam ( s o i l k-i) 

for zero-hour and for 4-hour intennltteut mixing (22). 

r i a l (Kansas) , and Aspha l t E m u l s i o n (Arkansas ) . A l l f o u r types of sea l m a t e r i a l s w e r e 
succes s fu l i n r e t a i n i n g the r e q u i r e d m o i s t u r e content i n the s o i l - c e m e n t d u r i n g the 7-
day f i e l d c u r i n g p e r i o d . A case h i s t o r y of the m o i s t u r e changes i n s o i l - c e m e n t i s g iven 
i n F i g u r e 61 f o r the p r o j e c t i n Kansas . The e f fec t iveness of the seals i n a l l f o u r states 
i s based on the p r e m i s e of a dense, t i g h t l y k n i t , even su r f ace having the p r o p e r m o i s 
t u r e content a t the t i m e of s ea l i ng . The des i r ab le m o i s t u r e content ranges f r o m f i e l d 
o p t i m u m f o r the heav ie r and f a s t e r - c u r i n g b i tuminous types (RC-3) p laced d u r i n g the 
hot s u m m e r months to a w a t e r - s a t u r a t e d s u r f a c e f o r the s l o w e r - c u r i n g b i t uminous 
types p laced d u r i n g the coo le r s p r i n g and f a l l seasons. Best r e s u l t s a r e obtained when 
su r face vo ids a r e f i l l e d w i t h w a t e r i m m e d i a t e l y p r i o r to app l i ca t i on of the b i t uminous 
sea l . Adequate su r face m o i s t u r e reduces pene t ra t ion of the b i tuminous m a t e r i a l . 
Pene t ra t ion of the seal l o w e r s the qua l i ty of the s o i l - c e m e n t and reduces the adherence 
of the b i tuminous c o v e r . E f f e c t i v e b i tuminous covers a re appl ied as soon a f t e r su r f ace 
f i n i s h i n g of the s o i l - c e m e n t as cons t ruc t ion condi t ions p e r m i t . 

F u r t h e r data f r o m expe r imen t s i n V i r g i n i a (74) y i e l d e d r e su l t s that p e r m i t c o m p a r -
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ison of the effectiveness of moist soil, waterproof paper, calcium chloride, RC-2 
asphalt, tar and asphalt emulsion as curing materials for soil-cement. Initial 
and final moisture contents in the top % in. and in the second U in. of the soU-
cement base for the various types of cover are given in Table 17. Humidity has strong 
influence on moisture retention. The three types of bituminous cover, the moist soU 
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Effect of length of mixing time on cement-soil brushing losses—intermit
tent mixing ( 2 2 ) . 

cover, and the waterproof paper were the most effective aids to retention of moisture 
in the soil-cement. 
Temperature (55, 15) 

British researches bring out the following on the influence of temperature on the 
strength of soil-cement mixtures: 
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IN B E N E A T H M C - 3 COVER 

0 TO 5^ IN B E N E A T H M C - 3 COVER 

^ y - ? i , I N T O I ^ I N NO COVER 

SOIL - A -2 SANDY LOAM 
PI =5 OPT MOISTURE =12 5 % ^ ^ 
MAXIMUM DENSITY = 118 P C F 
C O V E R M A T E R I A L 0 2 3 GSY MC-3 ~~ 
NO WATER ADDED B E F O R E M C - 3 
APPL ICAT ION NO P E N E T R A T I O N BY M C - 3 

O T 0 * 4 l N NO C O V E R 

^ ̂  • 
—J 0 1 2 3 4 5 6 7 

DAYS OF C E M E N T HYDRATION 
0 0 0 7 0 0 0 0 0 0 10 0 0 0 0 

P R E C I P I T A T I O N - I N C H E S 
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MAXIMUM T E M P E R A T U R E - D E C F 

Figure 6 l . Moisture content of soil-cement during curing period (Washington Co., Kan. 
July 28 to Aug. k, 19lt8) (73). 

T A B L E 17 

A V E R A G E MOISTURE C O N T E N T I N P E R C E N T I N GROUP A A N D B B Y DAYS 

0-74- In . Depth 
A v g . M o i s t u r e Content (%) 
Diptii %-iy2-"Sir 

Panel Net Net 
No. Cover 7 - 6 - 5 1 7-12-51 Loss 7 -6 -51 7 -12-51 Loss 

(a) Group A 

1 None 15.8 5.4 10 .4 13 .7 9 .2 4 . 5 
2 M o i s t s o i l 16 .2 12.8 3 .4 13.3 12.3 1.0 
3 Wa te rp roo f paper 15.5 8.2a 7.3 14 .0 10. Oa 4 . 0 
4 CaCla 12.7 7.3 5.4 12 .6 8.3 4 .3 
5 RC-2 Aspha l t 15 .2 11.3 3 .9 13.8 11 .0 2 .8 
6 T a r R T C B - 6 13 .5 11 .4 2 . 1 12 .7 11 .7 1.0 

(b) Group B 

1 0 - f t A E - 2 10.3 8.8 1.5 11 .0 9 . 1 1.9 
1 None 1 2 . 1 4 . 7 7 .4 12 .0 7.3 4 . 7 
2 M o i s t s o i l 13 .0 1 1 . 1 1.9 12 .7 11 .2 1.5 
3 Wa te rp roo f paper 13,3 10 .0 3.3 12 .5 10.3 2 . 2 
4 CaCk 1 2 . 1 6 .9 5.2 12 .7 8 .4 4 .3 
5 RC-2 Aspha l t 12.8 10 .9 1.9 12 .4 10.3 2 . 1 
6 T a r R T C B - 6 12.3 10 .6 1.7 1 2 . 1 10.8 1.3 

^Waterproof paper destroyed on f i f t h day of curing period. 
Note: Soil Type—Group A-7-5 clay, PI 1$ to 2$. Group A watered immediately before ap
plication of curing. Group B allowed to dry somewhat before curing. Except for one 
cloudy day weather was clear and hot (81 to 96 F at noon). Relative humidity at noon 
ranged from I4I percent to 72 percent. 
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1 . The 7-day compres s ive s t r eng th increases w i t h i n c r e a s i n g t e m p e r a t u r e by 2 to 
2% percen t p e r degree cent igrade when the t e m p e r a t u r e i s i n the v i c i n i t y of 25 C (77 
F ) . 

2 . So i l - cemen t w i l l harden i n c o l d weather p r o v i d e d the t e m p e r a t u r e i s above 0 C 
(32 F ) . 

3. I f c o m p r e s s i v e s t r eng th i s taJcen as the sole c r i t e r i o n of the qua l i ty of s o i l - c e 
ment , l e ss cement i s needed i n w a r m weather than i n c o l d wea ther . 

4 . Because of ambien t t empe ra tu r e d i f f e r e n c e s , s o i l - c e m e n t cons t ruc ted d u r i n g 
w a r m weather should be 50 to 100 pe rcen t s t ronger than s i m i l a r cons t ruc t i on made d u r -
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Figure 62, Compressive strengths of laboratory-molded specimens of soil-cement (33). 

i n g coo l wea ther , at leas t d u r i n g the f i r s t th ree months of l i f e of the c o n s t r u c t i o n . 

Age 

The in f luence of r e l a t i v e l y e a r l y age pe r iods on the p r o p e r t i e s of s o i l - c e m e n t is i n 
d ica ted i n F i g u r e s 2 to 5, 51 to 53, and 59. The re i s evidence that s o i l - c e m e n t c o n t i n 
ues to inc rease i n s t r eng th w i t h i n c r e a s i n g age i n a manner s i m i l a r to concre te . T h i s 
i s i l l u s t r a t e d i n F i g u r e 62 by l a b o r a t o r y data showing t i m e - c o m p r e s s i v e s t r eng th r e l a 
t ionships f o r two so i l s f o r a 5 - y r p e r i o d (33), and by m o r e genera l f i e l d data f r o m 
c o r e s taken f r o m f i e l d c o n s t r u c t i o n p r o j e c t s r ang ing f r o m one to 20 y e a r s i n age i n f o u r 
s ta tes . The data f r o m the f i e l d p r o j e c t s a r e shown i n F i g u r e 63. 

B r i t i s h r e s e a r c h indica tes that f o r n o r m a l r e a c t i n g so i l s the r e l a t i o n between s t r eng th 
and l o g a r i t h m of the age i s l i n e a r ove r a f a i r l y w ide range of ages, a l though the re a r e 
some depar tures f r o m the r e l a t i o n at v e r y ea r ly ages (up to 1 day) and at cons iderable 
ages (6 months and above) (215). 

Inf luence of Specimen Dimens ions on Compres s ive Strength 

The r e s u l t s of two se r i e s of tes t (14, 49) p e r m i t s a c o m p a r i s o n of c o m p r e s s i v e 
s t rengths of 2 - i n . d i ame te r by 2 - i n . h igh c y c l i n d e r s w i t h those of 2 . 8 - i n . d i ame te r by 
5 . 6 - i n . h igh c y l i n d e r s and, 4 - i n . d i ame te r by 4 . 5 9 - i n . h igh c y l i n d e r s w i t h those of 
2 . 8 - i n , d i a m e t e r by 5 . 6 - i n . h igh c y l i n d e r s . When data f o r the 2 x 2 and 4 x 4 .59 c y l 
i nde r s w e r e p lo t t ed as o rd ina tes and data f o r the 2 .8 x 5.6 c y l i n d e r s were p lo t t ed as 
abscissae, the p lo t t ed po in ts f e l l above the l i n e of equal i ty and reasonably c lose to the 
l i n e suggested i n A S T M Designat ion C 42-49 . F o r sandy s o i l s , compres s ive s t rengths 
of 3 X 3 - i n . cubes w e r e 25 percen t h igher than f o r 2 . 8 - i n . d i a m e t e r by 5 . 6 - i n . h igh 
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Figure 63. Gain in strength of soil-cement with age as detemined from f i e l d cores (33). 

c y l i n d e r s . Values f o r the cubes w e r e about 12 percent h igher f o r a c layey sand and a-
bout equal f o r a s i l t y s o i l , 

B E N E F I C I A L A D M I X T U R E S 

So i l and Aggrega te A d m i x t u r e s 

So i l amendments and addi t ives have been used to i m p r o v e the r eac t ion between the 
s o i l and the cement s ince the e a r l i e s t p r o j e c t s (76). N o r m a l l y r eac t i ng s o i l s have 
been used to amend so i l s w h i c h showed poor r e a c t i o n by a l t e r i n g the s o i l g r ad ing o r by 

T A B L E 18 

nSTDEX PROPERTIES OF SOILS USED I N S O I L - A D M I X T U R E S TESTS (77) 

Grada t ion (% of to ta l ) 
Sand 

So i l 

No . 
H o r 
i zon 

2 . 0 to 
0 .25 
(mm) 

0 .25 to 
0 .05 
(mm) 

S i l t 
0 .05 to 
0.005 
(mm) 

Clay 
0.005 
to 0 . 0 

(mm) 

O r g . 
Cont. 
(PPm) 

Plas t i c 
P rop -

L L P I 

T e x t u r a l Class 
and 

B P R So i l 

887-2 A 16 84 0 0 36,000 21 NP F ine sand A - 3 
891 B 10 90 0 0 2 ,500 22 NP F ine sand A - 3 
578 C^ 28 29 27 16 none 24 NP Sandy l o a m A - 2 
902 A 52 36 7 5 10,000 16 N P Coarse sand A - 2 
997 C 27 52 11 10 700 18 NP F ine sandy l o a m 

A - 2 

^Limerock. 

d i l u t i n g the p o o r l y r e a c t i n g s o i l . Favorab ly r e a c t i n g m a t e r i a l s such as l imes tone 
screenings and c rushed l imes tone have been used. F i n e - g r a i n s o i l has been added to 
c lean sands and sand-grave l s ; conve r se ly , sands, sand-grave ls and p u l v e r i z e d b i t u m 
inous sur faces have been m i x e d in to c lays to i m p r o v e the r e a c t i o n (and i n many i n 
stances to reduce cement r e q u i r e m e n t s ) . 

The occu r r ence of d e t r i m e n t a l types of organic m a t t e r i n some sandy s o i l s (see 
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" F a c t o r s In f luenc ing P r o p e r t i e s of C e m e n t - T r e a t e d So i l Organic M a t t e r " ) has necess i 
ta ted the a d m i x i n g of n o r m a l l y r e a c t i n g s o i l s . The r e su l t s of an inves t iga t ion (77) of 
t h i s method se rve to i l l u s t r a t e i t s e f f ec t iveness . Table 18 shows the index p r o p e r t i e s 
of two p o o r l y r e a c t i n g A - h o r i z o n so i l s and one p o o r l y r eac t ing B - h o r i z o n s o i l (887-2, 
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UJ 
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SOIL 887-2 
a = NO SOIL ADMIXTURE 
b=757oS0IL887-2 + 25% 

ADMIXTURE SOIL578 
c = 5 0 % SOIL 887-2+50% 

ADMIXTURE SOIL 578 

7-DAY S T R E N G T H 

n 28-DAY S T R E N G T H 

S O I L 891 
a = NO S O I L A D M I X T U R E 
b= 7 5 % S O I L 8 9 1 + 2 5 % 

A D M I X T U R E S 0 I L 5 7 8 
0 = 5 0 % S O I L 8 9 1 + 5 0 % 

A D M I X T U R E S O I L 5 7 8 

S O I L 9 0 2 
: N 0 S O I L A D M I X T U R E 
: 5 0 % S 0 I L 9 0 2 + 5 0 % 
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Figure G^. Effect of the eiddition of admixtxire s o i l on the compressive strength of ce
ment-treated poorly reacting organic s o i l s (77)• 
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Figure 65. Effect of the addition of ca l 
cium compounds on the 7-day compressive 
strength of cement-treated sand containing 
deleterious organic matter (8 percent nor
mal Portland cement) (67) (density I06 

pcf, moisture content l l ^ percent). 

902, and 891), and two n o r m a l l y r eac t ing 
C - h o r i z o n F l o r i d a so i l s (578 and 997). 

The r e su l t s of compres s ive s t r eng th 
de te rmina t ions on m i x t u r e s of the p o o r l y 
r eac t ing sandy so i l s w i t h 10 and 14 percent 
cement and on a d m i x t u r e s of the n o r m a l l y 
r e a c t i n g C - h o r i z o n so i l s w i t h the p o o r l y 
r e a c t i n g A - and B - h o r i z o n so i l s a r e i n d i 
cated i n F i g u r e 64, A d m i x i n g n o r m a l l y 
r eac t ing so i l s r e s u l t e d i n an i m p r o v e m e n t 
of 200 to over 500 percent i n the c o m p r e s 
s ive s t r eng th . The add i t ion of l imes tone 
screenings to s o i l , s o i l to sand, o r s o i l to 
m i l l - r u n mine t a i l i ngs a re o ther examples 
where s i m i l a r r e s u l t s have been obta ined. 

Hydra ted L i m e o r Q u i c k l i m e 

Hydra ted l i m e has been used as an ad 
m i x t u r e to cemen t - t r ea t ed s o i l to i m p r o v e 
the cement r eac t ion w i t h some organic 
so i l s that exhib i t r e t a r d e d se t t ing o r a r e 
p roduc t ive of a b n o r m a l l y l ow s t rengths 
when m i x e d w i t h p o r t l a n d cement a lone. 
A n example of t h i s type of app l i ca t ion is a 
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u n i f o r m l y graded f i n e sand (70 percent between s izes 0 . 1 and 0 .2 m m and 3 percent 
s i l t and c l ay s izes) conta in ing d e t r i m e n t a l organic ma t t e r that was not evident on v i s 
ua l inspec t ion (but showed 0.3 percent organic m a t t e r on ana lys i s by the d i ch roma te 
method) (67). L i m e produced a b e n e f i c i a l e f f ec t i n the f o r m of e a r l y hardening of t h i s 
type of m i x t u r e , w h i c h exhib i ted r e t a r d e d se t t ing t i m e up to 7 days when m i x e d w i t h 
n o r m a l p o r t l a n d cement a lone . The add i t ion of 2 percent hydra ted l i m e reduced r e 
t a r d a t i o n to about 2 days . A compar i son of the e f fec t iveness of d i f f e r e n t percentages 
of l i m e a d m i x t u r e w i t h that o f c a l c i u m c h l o r i d e i n r educ ing r e t a r d a t i o n i s ind ica ted i n 
F i g u r e 65. 

L i m e has a lso been used as an a d m i x t u r e to h igh ly p las t i c m a t e r i a l s to f a c i l i t a t e 
p u l v e r i z a t i o n and m i x i n g , and to increase compres s ive s t reng th and res i s tance to loss 
i n the w e t - d r y tes t , f o r the w e t - d r y tes t i s o f t en a s i g n i f i c a n t c r i t e r i o n f o r d e t e r m i n i n g 
cement r equ i r emen t s f o r p las t i c h igh-volume-change s o i l s . Studies by the Corps of 
Engineers (78) have shown that 2 percent hydra ted l i m e was e f f ec t i ve i n r educ ing w e t -

d r y losses on p l a s t i c base m a t e r i a l . The 
r e su l t s of tests a r e shown i n F i g u r e 66. 
B r i t i s h s tudies (23) have shown that the 
add i t ion of 2 percent l i m e to c e m e n t - t r e a t 
ed s o i l i nc reased the c o m p r e s s i v e s t r eng th 
and the res i s tance to reduc t ion i n s t r eng th 
on i m m e r s i o n i n w a t e r , but that the use of 
l i m e contents g r ea t e r than 2 percent w e r e 
not w a r r a n t e d . The re la t ionsh ips between 
l i m e content and s t r eng th f o r c e m e n t - t r e a t 
ed s o i l having 15 and 30 percen t cement 
a re shown i n F i g u r e 67. The s o i l had a 
l i q u i d l i m i t i n the range of 70 to 75 and a 
p las t i c index of 45 to 53. 

B i tuminous E m u l s i o n 

A process has been developed i n B r i t a i n 
(61) f o r us ing b i tuminous emu l s ion i n c o n 
j u n c t i o n w i t h cement . The e m u l s i o n , spec
i a l l y developed f o r the purpose , w i l l r e 
m a i n stable f o r a shor t t i m e when m i x e d 
w i t h f i n e - g r a i n so i l s p e r m i t t i n g good d i s -
p e r s i o n th rough the s o i l . The cement that 
i s added subsequently: (a) causes the e-
m u l s i o n to b reak , (b) absorbs some of the 

r e s u l t i n g f r e e m o i s t u r e , and (c) gives added s t reng th to the processed and compacted 
s o i l . The p r o p o r t i o n s o f a d m i x t u r e gene ra l ly r e q u i r e d a r e 5 to 7 ^ percent emu l s ion 
and 3 to 5 percent cement . The f i n a l m a t e r i a l i s sa id to have p r o p e r t i e s i n t e rmed ia t e 
between those of so i l - cemen t and t r u e s o i l - b i t u m e n . 

F l y A s h 

Two inves t iga t ions have been made us ing f l y ash as a s o i l amendment . One of these 
(79) i nvo lved a coas ta l s i l t y s o i l (18 percent sand, 56 percent s i l t , 26 percent c l ay , 
L L = 30, P I = 5) and m i x t u r e s of 94-3-3 and 94-4-2 p a r t s of s o i l , cement and f l y ash, 
r e spec t i ve ly . A f t e r 28 days c u r i n g , the 94-3-3 m i x showed a 5.9 percent weight ga in 
i n the f r e e z e - t h a w tes t and a compres s ive s t rength of 33 p s i a f t e r 12 cyc les of test ; 
the 94-4-2 m i x showed a weight ga in of 0 .70 percent and a compres s ive s t reng th of 
220 p s i a f t e r 12 cyc le s of f r e e z e - t h a w . The second inves t iga t ion (80) inc luded tests on 
a f r i a b l e loess ( P I = 12), a p las t i c loess ( P I = 12), an a l l u v i a l c l a y T P I = 47), and a 
nonplast ic dune sand. Cement contents ranged upwards to 12 percent and f l y ash c o n 
tents ranged f r o m 9 to 21 percent i n t e r m s of s o i l replacement—and then v a r y i n g p e r 
centages of f l y ash r e p l a c i n g cement . The conclus ions (80) w e r e that f l y ash was not 
m a r k e d l y b e n e f i c i a l as an a d m i x t u r e f o r the so i l s tes ted except as i t reduced shr inkage 
c r a c k i n g i n the clay s o i l . I t had no m a r k e d e f f ec t on the s t reng th of cemen t - t r ea t ed 
s o i l m i x t u r e s and was d e t r i m e n t a l to f r e e z e - t h a w res i s t ance . 

1 1 r -

BASE MATERIAL 
L L = 4 0 % 
P 1 =25% 

1 1 1 

^ , ^ ^ 6 % CEMENT -
BY VOLUME 

' - ' ^ ^ 8 % C E M E N T 
BY VOLUME 

// 
^ 1 0 % CEMENT 

BY VOLUME 

* 1 L . 

- 2 % HYDRATED LIME" 
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BY VOLUME 

• 1 1 — 
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NUMBER OF CYCLES OF WETTING AND DRYING 

Figure 66. Influence of lime admixture in 
reducing brushing losses in the wet-dry 

test (78). 
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Figure 67. Inflicence of lime on the compressive strength of clay-cement mixtures (23). 
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Figure 68. Comparison of compressive 
strengths of a normally reacting sandy 
s o i l and a poorly reacting sandy s o i l 

( 7 7 ) . 

C a l c i u m Ch lo r ide 

The in f luence of c a l c i u m c h l o r i d e as a 
b e n e f i c i a l a d m i x t u r e to m i x t u r e s of ce 
ment and organic s o i l s has been de t e rmined 
both i n the U . S . (17, 76, 77, 82) and i n 
Grea t B r i t a i n (54, 6 1 , 67) . The nature of 
the e f f e c t of organic m a t t e r i n r e t a r d i n g 
the set of cemen t - t r ea t ed s o i l has been 
desc r ibed i n p a r t under " F a c t o r s I n f l u e n c 
i n g P r o p e r t i e s of C e m e n t - T r e a t e d S o i l , 
Organic M a t t e r . " Seven-day and 28-day 
compres s ive s t rengths of a n o r m a l l y r e 
ac t ing s o i l compared to s i m i l a r data f o r a 
p o o r l y r eac t ing s o i l a r e shown i n F i g u r e 
68. 

Some r e s u l t s of the B r i t i s h s tudies 
showing a c o m p a r i s o n of the e f fec t iveness 
of l i m e and c a l c i u m c h l o r i d e i n i m p r o v i n g 
s t reng th c h a r a c t e r i s t i c s of an organ ic s o i l 
a r e ind ica ted i n F i g u r e 65. I n the U . S . 
tes ts p e r f o r m e d on nine so i l s (77), f o u r 
p o o r l y r eac t ing and f i v e n o r m a l l y r eac t i ng , 
showed that s m a l l percentages of c a l c i u m 
c h l o r i d e had a m a r k e d e f f ec t i n i m p r o v i n g 
the r eac t i on of s o i l s that showed poor r e 
ac t ion w i t h cement a lone . A n example of 
data f o r one s o i l i s shown i n F i g u r e 69; 
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the s o i l w i thou t c a l c i u m c h l o r i d e t r e a tmen t r e q u i r e d m o r e than 26 percent cement by 
v o l u m e f o r s a t i s f a c t o r y harden ing . W i t h the add i t ion of 0 . 4 to 1.0 percent c a l c i u m 
c h l o r i d e the s o i l was hardened s a t i s f a c t o r i l y w i t h 14 percent cement . I t may be seen 
f r o m F i g u r e 69 that compres s ive s t r eng th increases to an o p t i m u m and decreases w i t h 
f u r t h e r i nc rease i n c a l c i u m c h l o r i d e . I m p r o v e m e n t i n d u r a b i l i t y , as ind ica ted by w e t -
d r y and f r e e z e - t h a w tes t s , i s of the o r d e r indica ted by the compres s ive s t r eng th data 
f o r the number of cyc les t es ted . Genera l ly 0 .6 percent c a l c i u m c h l o r i d e i s an o p t i m u m 
value when both s h o r t p e r i o d and long p e r i o d e f fec t s a r e cons ide red (77). 

Tes t s made to de t e rmine the e f f ec t of c a l c i u m c h l o r i d e on cemen t - t r ea t ed Iowa loess 
s o i l s (32) of v e r y low organic content showed an increase i n 7-day s t reng th of one s a m 
ple (sample 43/^2-1, see F i g s . 30 and 31) of m o r e than 50 percent and of another sample 
(sample 20 -2 , see F i g s . 30 and 31) by m o r e than 300 pe rcen t . A f t e r 45 days, s t r eng th 
gains due to c a l c i u m c h l o r i d e a d m i x t u r e 
w e r e 61 percen t f o r sample 43y2-l and no 
f u r t h e r ga in f o r sample 2 0 - 2 . Thus c a l 
c i u m c h l o r i d e p r o v i d e d m e r e l y an a c c e l 
e r a t i ng e f f e c t f o r one s o i l , whereas the re 
was an o v e r - a l l s t r eng th ga in f o r the o t h 
e r . 

Research Studies of A d d i t i v e s f o r 
I m p r o v i n g the P r o p e r t i e s of 
C e m e n t - T r e a t e d S o i l 
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Figure 69. Effect of calcium chloride 
content on the compressive strength of a 

poorly reacting organic sand (T T ) • 

T r a c e Chemica l s . —A p r e l i m i n a r y r e 
search sc reen ing tes t p r o g r a m (68, 83) , 
has been c a r r i e d out to de t e rmine the e f 
f e c t s of 29 chemica l s on the c o m p r e s s i v e 
s t r eng th of t h r ee so i l s of d i f f e r e n t c o m 
p o s i t i o n s t a b i l i z e d w i t h f i v e pe rcen t Type 
I Por t l and cement . The th ree so i l s a r e , 
a c layey s i l t f r o m Massachuset ts ; a u n i 
f o r m s i l t f r o m Manches te r , N . H . ; and a 
u n i f o r m loess f r o m V i c k s b u r g , M i s s . 
So i l pass ing the No . 10 s ieve was used. 
Specimens w e r e molded at o p t i m u m m o i s 
t u r e content and m a x i m u m densi ty i n the 
H a r v a r d m i n i a t u r e m o l d (1.313 i n . i n d i a m e t e r by 2 .816 i n . h i g h ) . Specimens w e r e 
c u r e d f o r pe r iods of 7 and 28 days at 100 percen t r e l a t i v e h u m i d i t y at r o o m t e m p e r a 
t u r e (20 to 25 C ) . A l l specimens w e r e subjec ted to comple te i m m e r s i o n f o r a 2 4 - h r 
p e r i o d p r i o r to t es t ing i n unconf ined c o m p r e s s i o n . Data g iven i n Table 19 ind ica te the 
g r a i n s ize d i s t r i b u t i o n , the p h y s i c a l and c h e m i c a l p r o p e r t i e s and m i n e r a l compos i t i on 
of the th ree s o i l s used i n the s tudy. 

Mos t of the d i spersan t s , a l k a l i reagents w i t h sod ium ions and sa l t s w i t h sod ium 10ns, 
caused a modest increase i n m a x i m u m densi ty (1 to 7 p c f ) and a s m a l l inc rease i n o p t i 
m u m m o i s t u r e content . Severa l add i t ives had no e f f ec t on the m o i s t u r e - d e n s i t y r e l a 
t i o n s . T h e r e was no r e l a t i onsh ip between s t r eng th increase and densi ty i nc r ea se . 

M o r e than one-ha l f of the 29 chemica l s tes ted inc reased the compres s ive s t r eng th 
of the cemen t - t r ea t ed s o i l m i x t u r e s . Seven of the chemica l s , when used a t concen t r a 
t ions of one percen t o r l e s s , m o r e than doubled the s t r eng th of the m i x t u r e s made w i t h 
the s i l t s . F i g u r e s 70, 7 1 , and 72 show the 7- and 28-day c o m p r e s s i v e s t r eng th data 
obtained f o r 0 .5 and 1.0 percent add i t ives to the c e m e n t - t r e a t e d s o i l m i x t u r e s made of 
the Massachuset ts c layey s i l t , the V i c k s b u r g loess , and the New Hampsh i r e s i l t , r e 
spec t ive ly . The data show that the Massachuset ts and New Hampsh i r e s i l t s responded 
to c h e m i c a l t r e a tmen t be t t e r than d i d the V i c k s b u r g loess . The r e s u l t s on two of the 
so i l s showed that c h e m i c a l t r ea tmen t s p roduced s t rengths m o r e than double the values 
f o r c emen t - t r ea t ed s o i l specimens wi thou t c h e m i c a l add i t ives , and poin t to the po ten t i a l 
of t h i s method f o r f u r t h e r i m p r o v i n g cemen t - t r ea t ed s o i l , p r o v i d e d d u r a b i l i t y i s s a t i s 
f a c t o r y . 
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PROPERTIES OF SOILS E M P L O Y E D I N S T U D Y O F T R A C E C H E M I C A L S (83) 

Mass . V i c k s - New 
Clayey b u r g Hamp. 

C h a r a c t e r i s t i c S i l t Loess S i l t 

T e x t u r a l G r a v e l 0 0 0 
c o m p . ^ Sand 47 10 3 
(7o by wt ) S i l t 42 86 90 

Clay 11 4 7 

Eng . c l a s s . A-4 (4 ) A - 7 - 6 ( 1 0 ) A-4 (8 ) 

P h y s i c a l L L (%) 20 41 28 
p r o p . P L (%) 14 26 20 

P I 6 15 8 
Sp. g r . c (g /cc) 2 .77 2 .80 2 .72 
M a x . d r y density** (pcf) 122.3 104.5 99 .5 
Opt . m o i s t u r e d (%) 13.3 18 .5 19 .9 

C h e m i c a l Cat . ex . cap. 
p r o p . ® (me/100 gm) 10 16 3 

PH - 4 . 6 5 .4 
Soluble sa l t s 

(me NaCl /100 gm) - 0.2 -
Organic m a t t e r (%) - 1.8 ± 0 . 1 0 .4 + 0 . 1 

M i n e r a l Quar tz 35 30 40 
c o m p . ® Fe ldspa r 20 30 40 
(7obywt) M i c a - - 10 

n i i t e 30 15 10 
M o n t m o r i l l o n o i d - 20 _ 

F e 2 0 3 2 . 9 1.6 1.0 

Based on MIT classifications: Gravel—above 2.0 mm, sani—O .06 to 2 mm, s i l t — 0 . 0 0 2 to 
D.06 mm, clay—below 0.002 mm. 
^ased on HRB system. 
determined on the fraction passing No. 10 sieve. 
TJetermined by Harvard Miniatiu-e compaction apparatus, compacted i n three layers with a 
IjO-lb tamper, 2$ blows per layer. 
^Determined on the fraction smaller than 0.7k mm. 

A d d i t i o n a l l a b o r a t o r y s tudies (84) of the e f f e c t of a selected group of a l k a l i m e t a l 
compounds on cemen t - t r ea t ed s o i l m i x t u r e s have been made us ing eleven s o i l s : w e l l -
g raded c layey s i l t f r o m Massachuset ts , u n i f o r m loess f r o m V i c k s b u r g , M i s s . , u n i f o r m 
s i l t f r o m New Hampsh i r e , B - h o r i z o n c lay f r o m I l l i n o i s , A - h o r i z o n organic sand f r o m 
W i s c o n s i n , B - h o r i z o n sand f r o m Wiscons in , two heavy c lays f r o m Texas , and th ree 
c lays r i c h i n carbonate content f r o m I r a q . Compres s ive s t reng th was used as a c r i t e r i a 
f o r j u c ^ i n g the va lue of the add i t i ve s . The tes ts showed that w i t h v i r t u a l l y a l l the s o i l s 
s tudied , the compres s ive s t rengths w e r e inc reased by the add i t ion of s m a l l quant i t ies 
of sod ium compounds that f o r m inso luble compounds w i t h c a l c i u m . The mos t b e n e f i c i a l 
add i t ives w e r e caust ic soda, soda ash, sod ium s u l f i t e , s o d i u m su l f a t e , s o d i u m m e t a s i l -
i ca te , and s o d i u m a lumina t e . The l i t h i u m and po ta s s ium compounds ac ted s i m i l a r l y 
but to a l e s se r degree . The caust ic soda was the mos t b e n e f i c i a l add i t ive w i t h the heavy 
c lay so i l s and sod ium su l f a t e i n the s i l t s . Sodium su l fa te was uniquely e f f e c t i v e w i t h 
the o rgan ic sands f r o m W i s c o n s i n . 

The e f f ec t of the a l k a l i m e t a l compounds on the d u r a b i l i t y of s o i l - c e m e n t has a lso 
been s tudied (85). F o u r of the so i l s r e p o r t e d on (organic A - h o r i z o n sand f r o m W i s c o n -
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s i n , I l l i n o i s c l ay , New Hampsh i r e s i l t , and Massachuset ts c layey s i l t ) w e r e inc luded . 
The r e s u l t s showed that the e f f ec t s of the a d m i x t u r e s on d u r a b i l i t y , as measured by 
s tandard f r e e z e - t h a w and w e t - d r y tes t s , w e r e s i m i l a r to the e f fec t s of the a d m i x t u r e s 
on compres s ive s t r eng th . The f o l l o w i n g s u m m a r i z e s the r e s u l t s : 

1 . The add i t ion of 1 percent sod ium su l fa te reduced the cement r e q u i r e m e n t of the 
Wiscons in p o o r l y r eac t ing sand f r o m m o r e than 20 percent to 9 percen t . Sodium s u l 
f a t e was m o r e e f f ec t i ve than c a l c i u m c h l o r i d e i n i m p r o v i n g th i s p o o r l y r e a c t i n g sand. 

2 . The add i t i on o f 0 . 5 percent sod ium hydrox ide to the I l l i n o i s c l a y d i d not s i g n i f i 
cant ly reduce the cement r e q u i r e m e n t . The add i t ion of 1.0 percent sod ium hydrox ide 
was d e t r i m e n t a l because i t increased the cement r e q u i r e m e n t f r o m 10 percent to 12 
pe rcen t . 

DAYS 
SOIL BATCH I 

BLANK ( 5 % CEMENT) 7 
28 

SODIUM CHLORIDE 28 

POTASSIUM CHLORIDE 28 

POTASSIUM PERMANGANATE 28 

POTASSIUM HYDROXIDE -^R 

SOIL BATCH 2 

BLANK ( 5 % C E M E N T ) 

SODIUM HYDROXIDE 

SODIUM S U L F I T E 

SODIUM CARBONATE 

SODIUM CHLORIDE 

QUADRAFOS 

CALCIUM CHLORIDE 

BLANK ( 1 0 % CEMENT) 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

ADDITIVE CONCENTRATION 
c=3 0 5 % 
™ ™ 1 0% 

2 5 0 5 0 0 7 5 0 1000 

WET COMPRESSIVE STRENGTH-PS I 

1250 

F i g u r e 70. E f f e c t of t r a c e a d d i t i v e s on the ccmpressive strength of cement-treated 
MajBsachuBetts c l a y e y s i l t (83). 
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3. The add i t i on of 1.0 percen t sod ium hydrox ide to the New Hampsh i r e s i l t reduced 
i t s cement r e q u i r e m e n t f r o m 16 percent to 12 pe rcen t . 

4 . The add i t ion of 1.0 percent sod ium su l fa te o r sod ium m e t a s i l i c a t e reduced the 
cement r e q u i r e m e n t of the Massachuset ts c lay s i l t f r o m 8. 5 percent to less than 6 p e r 
cent . 

T r a c e C h e m i c a l A d d i t i v e s to C e m e n t - M o d i f i e d S o i l f o r C o n t r o l of F r o s t Heave .—A 
separate study was made of the in f luence of t r a c e chemica l s on cemen t - t r ea t ed s o i l 
m i x t u r e s con ta in in s m a l l percentages of cement as a means f o r f u r t h e r m o d i f y i n g the 
f r o s t heave c h a r a c t e r i s t i c s of the m i x t u r e s (86). Compacted cemen t - t r ea t ed s o i l spec
imens w e r e c u r e d f o r 7 days i n a m o i s t r o o m . Samples w e r e sa tura ted and placed i n a 
f r e e z i n g chamber w i t h a f r e e w a t e r su r f ace main ta ined Vs i n . above a porous stone at 
the b o t t o m of each spec imen . A f r e e z i n g pene t ra t ion of i n . p e r day was app l i ed . 
The r e su l t s of f r e e z i n g tes ts a re expressed as the average ra t e of heave i n m i l l i m e t e r s 

DAYS 

BLANK (10% C E M E N T ) 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

BLANK ( 5 % CEMENT) 

QUADRAFOS 

CALCIUM CHLORIDE 

SODIUM CHLORIDE 

POTASSIUM CHLORIDE 

POTASSIUM PERMANGANATE 28 

POTASSIUM HYDROXIDE 

CALCIUM HYDROXIDE 

SODIUM HYDROXIDE 

SODIUM S U L F I T E 

SODIUM CARBONATE 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

7 
28 

ADDITIVE CONCENTRATION 

1 = 3 0 5% 
" 1 0% 

3 

100 2 0 0 3 0 0 4 0 0 
WET COMPRESSIVE S T R E N G T H - P S I 

5 0 0 

Figure 71. Effect of trace additives on the compressive strength of cement-treated 
Vicksburg loess (83). 
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DAYS 
S O I L BATCH I 

B L A N K ( 5 % C E M E N T ) 

C A L C I U M HYDROXIDE 

S O I L BATCH 2 

B L A N K ( 5 % C E M E N T ) 

SODIUM S U L F I T E 

SODIUM C A R B O N A T E 

BORAX 

POTASSIUM HYDROXIDE 

B L A N K (10% C E M E N T ) 

7 
2 8 

7 
2 8 QUADRAFOS 

C A L C I U M CHLORIDE 

SODIUM CHLORIDE 

POTASSIUM CHLDRIDE 

POTASSIUM PERMANGANATE 2 8 

POTASSIUM DICHROMATE 

SODIUM HYDROXIDE 

7 
2 8 

7 
28 

7 
2 8 

7 
2 8 

7 
2 8 

7 
2 8 

7 
2 8 

7 
2 8 

7 
2 8 

7 
2 8 

7 
2 8 

ADDITIVE 
CONCENTRATION 
1 = 1 0 5 % 

1,0% 

F i g u r e 7 2 . 

0 100 2 0 0 3 0 0 4 0 0 5 0 0 
W E T C O M P R E S S I V E S T R E N G T H - P S I 

E f f e c t of t r a c e a d d i t i v e s on the compressive strength of cement-treated 
New Hampshire s i l t (83). 

per day. Because heave of a t r ea ted spec imen needs to be evaluated i n t e r m s of an un 
t r ea ted spec imen , the average ra te of heave of a t r ea ted sample i s d iv ided by the a v e r 
age ra t e of heave of an unt rea ted sample . The r e s u l t i n g value i s a measure of the e f 
fec t iveness of a t r ea tmen t and i s t e r m e d the " h e a v e - r a t i o . " A heave- ra t io of less than 
1 indicates i m p r o v e m e n t . Fou r so i l s suscept ible to f r o s t heave w e r e t r ea ted w i t h l ow 
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percentages of portland cement. The nature of the soils is given in Table 20. 

TABLE 20 
MECHANICAL ANALYSIS AND ATTERBERG LIMITS OF SOILS 

USED IN FROST STUDIES (86) 

Grain Size (% finer Max^ Opt.^ 
than size shown) Den. M.C. 

Soil No. 4 No. 40 No. 200 0.02 mm L L PI (pcf) (%) 
New Hampshire 

silt 100 100 99 77 24 6 110 14.7 
Ft. Belvoir (Va.) 

sandy clay 97 88 62 46 41 19 115 16.1 
Boston blue 

clay 100 100 100 94 53 26 106 20.2 

^Maxunm d e n s i t y and optim\im moisture contents are by Modified AASHO method. 

The heave ratios obtained on these frost-susceptible soils with the use of low ce
ment contents with and without trace chemical admixtures are given in Table 21. 

TABLE 21 
E F F E C T OF PORTLAND CEMENT AND TRACE CHEMICAI^ 

ON FROST HEAVE (86) (In Heave Ratios) 

Fort Belvoir 
Additives Percent Boston Blue Clay New Hampshire Silt Sandy Clay 

Portland cement 1 1.35 1.74 1.04 
Portland cement 2 1.36 0,63 0.58 
Portland cement 3 0.46 0.46 1.08 
Portland cement 1 1.35 0.59 0.67 

+ pozzolith 0.1 
Portland cement 3 0.56 0.74 

+ pozzolith 0.2 
Portland cement 1 1.41 0.82 

+ Daxad 21 0.1 
Portland cement 2 0,68 0.76 0.10 

+ Daxad 21 1.5 
Portland cement 3 0.61 1.10 

+ Daxad 21 0.2 
Portland cement 5.0 0.37 0.47 0.26 

+ Daxad 21 1.0 

Chemical Treatments to Surface Harden Soil-Cement (§7).-The chemical treatments 
investigated in the laboratory were calcium chloride, sodium hydroxide, sodium car
bonate, and sodium silicate. Measured amounts of solutions of these chemicals were 
sprinkled on the surfaces of 2-in. diameter by 2-in. high soil-cement specimens con
fined in their molds. Solution amount, concentration, and time of application were 
varied. Other specimens were either moist cured or sprinkled with distilled water to 
provide a control. Sodium silicate application followed by daily wetting with water 
proved to be the best treatment, the bearing strength improvement being between 20 
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TABLE 22 
INDEX PROPERTIES OF NATURAL SOILS STUDIED 

FOR SURFACE CHEMICAL EFFECTS (51) 

Mechanical Analysis of Natural Soils Soil Constants 
Sand Silt Clay Colloids Opt. 

0,84-0.05 0.05-0.005 0.005-0.001 0.001 M.C. 
Soil (mm) (mm) (mm) (mm) L L RI SL (%) 

Putnam 7 39 21 23 64 24 18 29 
Cecil 44 28 7 21 45 30 23 21 
Hagerstown 20 37 16 27 46 19 19 18 
Hays 7 46 21 26 57 24 16 25 

percent and 90 percent over control strengths, depending on the soil. A sandy soil-ce
ment was most benefited. Daily wetting was beneficial to a silty soil-cement, and this 
alone increased the bearing strength about 30 percent over that of ordinary moist cur
ing. However, daily sprinkling without sodium silicate pretreatment decreased the 
bearing strength of the sandy soil-cement. 
Plaster of Paris 

Admixtures of plaster of Paris (calcium sulfate) to cement-treated soils containing 
2.5 percent cement by weight have been studied experimentally as a means for control
ling volume change of soils (37). Shrinkage decreased as the proportion of plaster of 
Paris increased until at 2 to 4 percent, depending on the soil type, expansion occurred. 
The expansion increased with further increase in plaster of Paris content. Admixing 

TABLE 23 
CATION EXCHANGE CAPACITY AND CATION CONTENT OF 

THE NATURAL AND HOMOIONIC SOIL MATERIALS (51) 

Cation Exchange Cation Content of the Cation Content of the 

Soil (me/lOOg) H^ Na K Mg Ca H'̂  Na K Mg Ca 
Putnam 30.8 12. 3 1.4 1.0 4.5 11.6 30 30. 7 27.8 26.4 33.8 
Cecil 4.0 1. 0 0.3 0.4 0.7 1.6 4 3. 0 3.0 3.4 3.8 
Hagerstown 25.0 6. 5 0.7 1.0 7.2 9.6 25 19. 7 15.2 16.0 18.3 
Hays 28.4 - 0.6 1.7 9.5 19.8 28 35. 8 34.8 30.0 25.5 

fBy potentiometric t i t r a t i o n of the H - s o i l . 
''By e x t r a c t i o n with ammonium acetate and spectroscopic a n a l y s i s (V.R. E l l i s , Univ. of 
Mo.) (the Putnam s o i l a n a l y s i s was a l s o checked g r a v i m e t r i c a l l y ) . 
°By s u b t r a c t i o n . 
Amounts of c a t i o n s equal to the base exchange c a p a c i t y had been added i n the prepara

t i o n of the s o i l s . 
^From base exchange c a p a c i t y . 

plaster of Paris increased the compressive strength. However, for three of the four 
soils tested, plaster of Paris had a detrimental effect on durability as determined by 
the wetting and drying test. (Also see "Factors Influencing Properties of Cement-
Treated Soil, Sulfate Content.") 
Influence of Surface Chemical Factors on Cement-Treated Soil 

Observations have been made on the effect of various cations (replaced by ionic sub-
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s t i t u t i o n i n the n a t u r a l s o i l s to produce homoionic so i l s ) on the behavior of n a t u r a l and 
c e m e n t - t r e a t e d s o i l s (51). The f o u r s o i l s used i n the tes ts w e r e : 

1 . Pu tnam clay—a g r e y b r o w n podzol ic s o i l (planosol) of m i x e d g l a c i a l and l o e s s i a l 
o r i g i n having about 0 .75 percent organic m a t t e r ; 

2 . C e c i l clay—a r e d and y e l l o w podzol ic s o i l ( l a t e r i t i c m a t e r i a l ) d e r i v e d f r o m gneiss 
having no organic m a t t e r ; 

3. Hagers town clay—a redd i sh b r o w n podzol ic s o i l d e r i v e d f r o m l imes tone having 
no organ ic m a t e r i a l ; and 

4. Hays clay—a che rnozem s o i l d e r i v e d f r o m shales and l imes tones having 1,4 p e r 
cent o rgan ic m a t t e r . 

The mechanica l ana lys i s and s o i l constants of the n a t u r a l s o i l s a r e g iven i n Tab le 22 . 
The base exchange capac i t ies of the n a t u r a l s o i l s and of t h e i r homoionic coun te r 

p a r t s a r e g iven i n Table 23. 
Ionic subs t i tu t ion had m a r k e d e f f ec t on the c o m p r e s s i v e s t r eng th and d u r a b i l i t y of 

hardened c e m e n t - t r e a t e d s o i l s . The magni tude of the e f f ec t s i s ind ica ted f o r the d i f 
f e r e n t so i l s by the m a x i m u m and m i n i m u m values of 28-day and 120-day c o m p r e s s i v e 
s t rengths of c e m e n t - t r e a t e d specimens molded w i t h 14 pe rcen t cement (Table 24) . 

T A B L E 24 

A P P R O X I M A T E * M A X I M U M A N D M I N I M U M V A L U E S O F 2 8 - D A Y COMPRESSIVE 
STRENGTHS O F T R E A T E D A N D U N T R E A T E D SOUS {51) ( A l l Specimens 

Conta in 14 Pe rcen t Cement by V o l u m e ) 

Un t r ea t ed T r e a t e d Soi l s 
Soi l s M i n . M a x Range^ 

S o i l (psi) (psi) (psi) (psi) 

C e c i l 780 860 1,170 390 
Hagers town 1,300 800 1,490 690 
Hays 600 300 950 650 

fApproxljnate because taken from charted data. 
Ttenge for treated and untreated s o i l s . 

T A B L E 25 

A P P R O X I M A T E * M I N I M U M C E M E N T CONTENTS ( P E R C E N T B Y V O L U M E ) 
W H I C H S A T I S F Y D U R A B I L I T Y R E Q U I R E M E N T S (51) (Based on 

M a x i m u m 10 Percen t B r u s h i n g Loss ) 

S o i l 

F r e e z e - T h a w Tes t W e t - D r y Tes t 

S o i l 
N a t u r a l 
. So i l 

T r e a t e d Soi l s N a t u r a l 
So i l 

T r e a t e d Soi l s 
S o i l 

N a t u r a l 
. So i l Lowes t Highes t 

N a t u r a l 
So i l Lowes t Highes t 

C e c i l 10 8 12 6 6b 6 
Hagers town 9 8- 13 8 7 10 
Hays 16 10 16 16 10 16+ 
Putnam 16+ 16+ - 16+ 16+ -
?Approxljiiate because reduced from charted data. 
°No test with l e s s than 6 percent cement. 

T r e a t m e n t to a l t e r su r f ace c h e m i c a l p r o p e r t i e s of the c lay s o i l s a l so in f luenced the 
d u r a b i l i t y c h a r a c t e r i s t i c s of the cemen t - t r ea t ed s o i l m i x t u r e s as d e t e r m i n e d by the 
f r e e z i n g and thawing t e s t s . The e f f ec t on d u r a b i l i t y i s ind ica ted f i r s t by means of m i n -
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Figure 73. Relative ratings of homolonlc 
and natural cement-treated so i l s when sub
jected to alternate cycles of freezing and 

thavrlng (51). 

• N A T U R A L S O I L ( U N T R E A T E D ) 

N A T * F E A L 

M G M G M G 

A L : A L N A 

H N A T * H 

F E H C A 

C A C A F E 

K , N A K 

N A K N A T " 

C E C I L H A G E R S T O W N H A Y S • 
C L A Y C L A Y C L A Y 

2 8 - O A Y S T R E N G T H 7 - D A Y 2 8 - D A Y 

Figure 7k. Relative ratings of homoionic 
and natural cement-treated so i l s as showi 
by 7-day or 28-day compressive strength 
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i m u m cement content necessary to reduce b r u s h i n g losses to 10 o r l e s s . The m i n i m u m 
cement r e q u i r e m e n t s a r e g iven i n Tab le 25 . 

I t may be seen f r o m Table 25 that the e f fec t iveness of ca t ionic subs t i t u t ion , e x p r e s 
sed i n t e r m s of pe rcen t cement by v o l u m e saved when c o m p a r e d t o the amount r e q u i r e d 
f o r the na tu r a l s o i l , ranged f r o m about 1 f o r the Hagers town s o i l ,to 6 f o r the Hays s o i l . 
The f r e e z e - t h a w tes t was c r i t i c a l f o r the C e c i l and Hagers town s o i l s . The w e t - d r y tes t 
was about equal ly c r i t i c a l on the Hays s o i l and may be m o r e c r i t i c a l f o r the Pu tnam s o i l . 

? 8 

< 
cc 7 
o 
l i j 
Q 

< 5 
ZD 
o 

4 
UJ 
_ i 
^ 3 (n 

E 2 

< 
I 

C E C I L H A G E R S T O W N 

1 1 1 

H A Y S 

- N A T * A L / M G 

_ 
> 

F E F E V F E 

/ / > ^ P U T N A M 

- ' A L S y ^ L . C A -

- C A N A / H J m g -

/ M G / c A / N A T * y ^ L 

/ N A / N A ! ^ / H 

/ ̂ > N A T * , X C A X ^ A T * / / * N A T U R A L S O I L 

- / K , - ' " I K 
1 1 

/ K ( U N T R E A T E D ) 
1 1 1 

0 - 5 0 5 1 0 1 5 2 0 

D I F F E R E N C E B E T W E E N O P T I M U M M O I S T U R E C O N T E N T A N D S H R I N K A G E 

L I M I T 

Figure 75. Quality ratings of homoionic and natural cement-treated so i l s related to the 
differences between the ir optimum molstxire contents and shrinkage l imits (10 percent 

cement) (5l). 
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The gene ra l o r d e r of e f fec t iveness of the d i f f e r e n t ca t ions on the f r e e z e - t h a w r e s i s 
tance of the s o i l s t r e a t ed w i t h 10 percen t cement (by vo lume) i s shown i n F i g u r e 73. 
The m o r e b e n e f i c i a l cat ions f o r the C e c i l s o i l w e r e po ta s s ium, hydrogen, and sod ium 
i n that o r d e r ; f o r the Hagers town s o i l , po t a s s ium and c a l c i u m ; and, f o r the Hays s o i l , 
c a l c i u m , hydrogen , and po t a s s ium. 

C o m p a r i s o n of the r a t i ngs i n F i g u r e 73 w i t h F i g u r e 74, w h i c h indica tes the r e l a t i v e 
r a t i ngs of the homoionic t r ea tmen t s based on c o m p r e s s i v e s t r eng th of specimens c o n 
t a i n i n g 10 percen t by v o l u m e , shows tha t the c o m p r e s s i v e s t r eng th tes t alone i s not the 
r e l i a b l e i n d i c a t o r of the r e s i s t ance o f c l ay s o i l s to d u r a b i l i t y t es t s tha t i t i s f o r g r a n u 
l a r s o i l s . 

Inasmuch as the homoionic t r e a tmen t s m a r k e d l y a f f e c t e d the o p t i m u m m o i s t u r e con
tent and m a x i m u m densi ty of the cemen t - t r ea t ed s o i l s , a separate s e r i e s of tes ts was 
p e r f o r m e d (51). Those tes ts demons t ra ted that gene ra l ly c o m p r e s s i v e s t r eng th and 
d u r a b i l i t y of c emen t - t r ea t ed c lay s o i l m i x t u r e s of the types tes ted inc reased w i t h i n 
c rease i n m o i s t u r e content and densi ty w i t h i n the range of values a f f e c t e d by the t r e a t 
m e n t s . Thus the r e s u l t s may be ana lyzed i n t e r m s o f the na tu re of the ca t ions o r i n 
t e r m s of the p h y s i c a l e f f ec t s of v a r i e d m o i s t u r e and densi ty c o n t r o l . 

A s i g n i f i c a n t f i n d i n g as i t r e l a t e s to c l ay so i l s (51) was that the d i f f e r e n c e between 
the o p t i m u m m o i s t u r e content f o r compac t ion and the shr inkage l i m i t was l a r g e and 
p o s i t i v e f o r the s o i l s r e q u i r i n g h igh cement contents (Putnam and Hays so i l s ) and s m a l l 
and negative f o r the c lay s o i l s r e q u i r i n g low cement contents ( C e c i l and Hagers town 
s o i l s ) . The genera l o r d e r of r a t i n g of the r e l a t i o n s h i p , q u a l i t y - w i s e , f o r the n a t u r a l 
s o i l s and f o r the t r ea t ed so i l s i s ind ica ted i n F i g u r e 75. Al though the sequences i n the 
o r d e r of r a t i ngs a r e not i d e n t i c a l , t he re i s a genera l t r e n d of be t t e r d u r a b i l i t y f o r so i l s 
hav ing s m a l l o r negative d i f f e r e n c e s between t h e i r o p t i m u m m o i s t u r e contents and t h e i r 
sh r inkage l i m i t s . 



Uses of Cement-Treated Soil and Bituminous 
Surfacing Requirements 

A P P L I C A T I O N O F T Y P E S O F C E M E N T - T R E A T E D SOIL 
T O T H E N A T U R E O F T H E F A C I U T Y 

The v a r i o u s types of cemen t - t r ea t ed s o i l w e r e i n i t i a l l y developed to se rve under 
d i f f e r e n t condi t ions of use, depending on the r e q u i r e m e n t s f o r the f a c i l i t y . The sug
gested use of each of the v a r i o u s types i s based on the p r o p e r t i e s of each and the needs 
of the f a c i l i t y . I n f o r m a t i o n p e r t a i n i n g to p r e l i m i n a r y t e s t ing , to c r i t e r i a f o r m i x de
s ign , and to i t ems of geome t r i c and s t r u c t u r a l design of cemen t - t r ea t ed s o i l f a c i l i t i e s 
i s g iven l a t e r . 

So i l -Cemen t 

Cemen t - t r ea t ed s o i l m i x t u r e s that s a t i s f y accepted c r i t e r i a f o r c o m p r e s s i v e s t r eng th , 
m o i s t u r e ga in , vo lume change, and b rush ing losses i n the w e t - d r y and f r e e z e - t h a w tes ts 
when each i s pe r t i nen t a r e designated So i l -Cemen t . M i x t u r e s s p e c i f i e d i n w e s t e r n 
states as "Class A C e m e n t - T r e a t e d - B a s e " and mos t m i x t u r e s inc luded under "Class B 
and Class D C e m e n t - T r e a t e d - B a s e " s a t i s f y c r i t e r i a f o r s o i l - c e m e n t . Suggested uses 
of cemen t - t r ea t ed s o i l m i x t u r e s that s a t i s f y c r i t e r i a f o r s o i l - c e m e n t inc lude the f o l l o w 
i n g : 

1 . Base courses f o r roads , s t ree t s and a i r f i e l d s . (Th i s i t e m a lso inc ludes sub-
bases f o r r i g i d and f l e x i b l e type pavements . ) 

2 . Sur faced shoulders f o r highways and a i r f i e l d s (88, 89, 90) . 
3. Sur faced p a r k i n g areas (55). 
4 . Sur faced s torage areas f o r aggregates , misce l laneous m a t e r i a l s , and equipment 

( 9 1 , 92). 
5. Surfaced s idewalks and b i c y c l e paths (93). 
6. Unsu r faced h o r i z o n t a l m u l t i p l e - l i f t t h i c k s lope- fac ing subject to pe r iod i c o r con

t inuous inundat ion and wave ac t i on (30, 94, 95) . 
7. E a r t h dam cores (96). 
8. Unsu r faced l i n i n g s f o r r e s e r v o i r s (95, 97, 98) . 
9. Foundations f o r some types of s t r u c t u r e s (30, 55) . 
10. M a s o n r y uni t s ( b r i c k o r b lock) f o r b u i l d i n g cons t ruc t ion (99, 100, 101). 
1 1 . Rammed mono l i th i c cons t ruc t i on of s m a l l bu i ld ings (99, 100, 101). 
12. Maintenance, r e c o n s t r u c t i o n and g r a n u l a r bases (89, 102)j 
13. M o d i f i c a t i o n of f r o s t - s u s c e p t i b l e s o i l s (42, 86) . I 
14. Misce l laneous cons t ruc t ions inc lud ing su r f ace d r a i n s , c u l v e r t s , s m a l l a r c h 

b r i dges , e t c . , where spec ia l condi t ions w a r r a n t (60, 104, 105). 

C e m e n t - M o d i f i e d G r a n u l a r Soi ls (17, 22, 39, 
42. 55. 64, 89 . 106. I Q I . 1Q8. IM, UQ) 

Many sandy and g r a v e l l y s o i l s a r e only s l i g h t l y substandard as m a t e r i a l s f o r bases, 
subbases, and subgrades of f l e x i b l e - o r r i g i d - t y p e pavements . These may conta in ex
cess ive p r o p o r t i o n s of f i n e f r a c t i o n m a t e r i a l o r excess ive ly p las t i c f i n e s , o r both , and 
need i m p r o v e m e n t to b r i n g t hem to a m i n i m u m acceptable q u a l i t y . T h i s may r e q u i r e 
only s u f f i c i e n t cement to m o d i f y the p las t i c p r o p e r t i e s of the s o i l , o r i t may r e q u i r e 
s u f f i c i e n t cement f o r subs tan t ia l hardening to a qua l i ty only s l i g h t l y less than that 
possessed by s o i l - c e m e n t . C e m e n t - m o d i f i e d g r a n u l a r s o i l s a r e used i n the f o l l o w i n g 
f a c i l i t i e s : 

1 . Base and subbase courses f o r f l e x i b l e - t y p e su r f aces f o r roads , s t r ee t s , and 
a i r f i e l d s where type of m a t e r i a l , t r a f f i c , and c l i m a t i c condi t ions p e r m i t ; 
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2 . S u l ^ r a d e and subbase t r ea tmen t under r i g i d - t y p e pavement to p revent e ros ion 
by pumping a c t i o n of the s labs ; 

3 . Pa tch ing and r e c o n s t r u c t i o n of f a i l e d g r a n u l a r bases; 
4 . Maintenance s t rengthening of subgrades and bases i n pa tch ing opera t ions ; and 
5. M o d i f i c a t i o n of f r o s t - s u s c e p t i b l e g r a n u l a r s o i l s . 

C e m e n t - M o d i f i e d SUty and Clayey Soi l s (21, 25, 26, 27, 29, 30, 33, 35, 39, 4 1 , 92, 
107, 109, i l i , 112. 113) 

Cement i n s m a l l e r amounts than needed to produce s o i l - c e m e n t i s used to i m p r o v e 
the p e r f o r m a n c e of subgrade s o i l s . The s e v e r a l purposes f o r w h i c h t h i s type of ce 
m e n t - t r e a t e d s o i l i s used a r e : 

1 . T r e a t m e n t to c o n t r o l sh r inkage and expansion of h igh v o l u m e change subgrade 
s o i l s ; 

2 . I m p r o v e m e n t of the s t r eng th c h a r a c t e r i s t i c s of subgrades; and 
3 . Reduct ion of the e f f ec t s of f r o s t a c t i o n on subgrades . 

P l a s t i c SoU-Cement ( I f l . 2 f l . SI, HA, llSi 
The d i f f i c u l t y of p l ac ing and compac t ing , a t o p t i m u m m o i s t u r e content , the usua l 

types of cemen t - t r ea t ed s o i l m i x t u r e s i n o the r than i n s t a l l a t i ons p e r m i t t i n g the use of 
f l a t s u r f a c e s , l e d to the development of p l a s t i c s o i l - c e m e n t . T h i s type of m i x i s used 
i n the f o l l o w i n g i n s t a l l a t i o n s : 

1 . L i n i n g s f o r roadside dra inage channels (di tches) ; 
2 . L i n i n g s f o r i r r i g a t i o n canals ; and 
3. Sacked r i p - r a p f o r e r o s i o n p r o t e c t i o n . 

C e m e n t - T r e a t e d S o i l S l u r r i e s 

S l u r r i e s a r e used i n highway w o r k p r i n c i p a l l y f o r maintenance purposes of " m u d -
j a c k i n g " to r a i s e pavements that have subsided because of embankment se t t l ement , o r 
due to subgrade e r o s i o n (116, 117, 118). However , i n tunnel c o n s t r u c t i o n i t may be 
necessary to seal o f f w a t e r f l o w by means of p r e s s u r e g r o u t i n g (119, 120, 1 2 1 , 122, 
123). 

B I T U M I N O U S SURFACES F O R C E M E N T - T R E A T E D S O I L BASE COURSES 
F O R R O A D A N D S T R E E T CONSTRUCTION 

The se lec t ion of the type and th ickness of b i t uminous su r f ace f o r cemen t - t r ea t ed s o i l 

TABLE 26 
BITUMINOUS SURFACES FOR SOIL-CEMENT MIXTURES^ 

(Suggested Tjses and Minimum TlUclmesses aa Related u> Composition ol TtaUlc tor Two-Lane Roads) 

ADT 

Rem 
Less Than 

100 
ADT 

100-400 
ADT 

400-1000 
ADT 

Over 1000 
Composition of traffic (T) 

P̂  M= Traffic type M P̂  M= Td P M T P M T 
Protnble maximum no 

of trucks per day® Less than 
10 0 SO 80 0 120 200 0 Over 120 Over 200 

Bltumlmnis surface 4C-BST 
Types' RU-BST ac-BST BM-CL-BP RM-B9T 

2C-BST 2C-BST HU-CL-BP HM-HL-BP RM-BST HM-HL-BP HM-HL-BP HU-HL-BP HM-HL-BP HM-HL-BP 
Suggested minimum 

surface thickness (in ) v. •/. 1 1'/. 1 154 2 I'/l 2 3 

^This t&ble Is based on the prevalence of the foUowing conditions of traffic (t) that the composlUoQ of mixed traffic, 
M, Is not likely to exceed 12 percent trucks, and that traffic containing a high proportion of tracks is not likely to ex
ceed 2& percent, (2) thai the dlstribuUoa of trucks by claascs ts about average (national average is 15 to 16 trucks per 
100 vehicles and Is composed of busses « 1, single unit trucks > 8, and truck comblnaUons ° 7), (S) that the direction
al distribution of equivalent truck loadings throughout the day is about equal (proper consideration should be given 
when the number in one dlrecUon is markedly greater than in another) 
^Passenger vehicles exclusively or passenger vehicles and commercial vehicles up to approximately 3 tons gross 
weight 
c Mixed traffic containing less than average proportion of numbers of trucks 
<>Mixed traffic conUinlng more than average proportion of numbers of trucks 
^Whcn truck traffic exceeds value shown for traffic type and ADT, adjust thickness to next higher thickness 
'2C-BST s 2 course (double) bituminous surface treatment 
3C-BST = 3 course (triple) bituminous surface treatment 
4C-BST o 4 course (quadraple) bituminous surface treatment 
RM-BST = Road-mU bituminous surface treatment 
HM-CL-BP o Hot-mix, cold-lay bituminous pavement 
HM-HUBP - Hot-mix, hot-lay bituminous pavement 
Consult local pracUce on mixes involving emulsions, and for penetration macadams 
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c o n s t r u c t i o n i s a des ign p r o b l e m . Good des ign p r a c t i c e c a l l s f o r c e r t a i n m i n i m u m r e 
q u i r e m e n t s of type and th ickness depending on the type of cemen t - t r ea t ed s o i l and the 
v o l u m e and c o m p o s i t i o n of t r a f f i c . C l i m a t i c condi t ions , types , and a v a i l a b i l i t y of m a 
t e r i a l s as w e l l as l o c a l exper ience in f luence m i n i m u m r e q u i r e m e n t s . Where p r a c t i c e s 
f o r an a rea have not been developed f o r a range of t r a f f i c types and v o l u m e s , the c o m 
p o s i t i o n of t r a f f i c may be d e t e r m i n e d and the app rop r i a t e type of s u r f a c e and m i n i m u m 
thickness g iven i n Table 26 may be used on base courses of a qua l i ty equivalent to s o i l -
cement . B i t u m i n o u s su r faces f o r l ow-cemen t -con ten t c e m e n t - m o d i f i e d g r a n u l a r base 
courses should be of a type and th ickness n o r m a l l y used f o r base courses of c rushed 
r o c k o r of c rushed g r a v e l of equivalent q u a l i t y . 



Preliminary Surveying, Sampling, Testing 
And Mix Design for Cement-Treated 

Soil Construction 
PRELIMINARY SURVEYING AND SAMPLING 

Standard Methods 
Standard methods of soil surveying and sampling are suggested for use in prelimi

nary surveying and sampling for cement-treated soil construction. Regardless of the 
type of cement-treated soil mixture or the type of facility in which it is to be used, 
tests should be made that will provide needed knowledge of the properties of the sub-
grade soils as well as the soils available for use in the cement-treated soil mixture. 
Procedures for standard methods are found in "Standard Methods of Surveying and 
Sampling Soils for Highway Purposes" AASHO designation T 86, ASTM designation D 
420. Additional procedures are found in "Suggested Methods of Surveying and Sampling 
Soils for Highway Purposes," by F . R . Olmstead, ASTM "Procedures for Testing Soils," 
1958. 
Use of the Soil Series Method 

The U.S. Department of Agriculture, Soil Conservation Service, carries on a con
tinuing program of classifying and mapping of soils. The basic unit is the soil series 
(124, 128). Soils of a given series have similar characteristics of subsoil (B-horizon) 
and parent material (C-horizon) developed under similar conditions of climate, vegeta
tion and age. The surface soils (A-horizon) may differ in texture for a given series. 

Soils of the same series and horizon have been found to require the same amount of 
cement for adequate hardening (125, 126). When the cement requirement for a given 
soil series and horizon has been determined from standard laboratory tests, no further 
tests for that series and horizon are needed regardless of where it may be encountered. 
In Iowa, however, the soil series and horizon may not be reliable indicators of cement 
requirements of loess and loess-derived soils and of till and till-derived soils (127). 

Soil surveys using the soil series as a mapping unit have been made for a large por
tion of the United States. County soil survey reports are available and may be obtain
ed from the U.S. Department of Agriculture or may be viewed at the offices of county 
extension agents, state colleges and universities, and many libraries. For those inter
ested in extending their knowledge of the soil series method, numerous authentic pub
lications are available for study (124, 125, 126, 127, 128, 129, 130, 131, 132). The 
Highway Research Board periodically reporti~(l33, 134, 135, 136, 137, iSsjlhe status 
of soil mapping by the U.S. Department of Agriculture and other agencies through pub
lications sponsored by the Committee on Surveying, Mapping and Classification of Soils. 
These committee-sponsored publications list the soil surveys completed and those 
started since the preceding publication and provide the engineer with recent information 
on soil surveys and soil maps. 

Sizes of Samples 
The minimum sizes of raw soil samples required for all types of tests that are nor

mally performed on raw soils and on cement-treated soil are indicated in Table 27. 
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T A B L E 27 

M I N I M U M SIZES OF R A W S O I L S A M P L E S REQUIRED F O R TESTS 
ON R A W S O I l £ A N D C E M E N T - T R E A T E D S O I L M I X T U R E S 

Tes t s and Tes t Methods 
Size of Sample 

(gr ) ( lb) 

Standard Tes ts on Raw Soi ls 
Mechan ica l ana lys i s (AASHO T 88, A S T M D 422) 115 0 .25 
L i q u i d U m i t (AASHO T 89, A S T M D 423) 100 0 .25 
P l a s t i c l i m i t (AASHO T 90, A S T M D 424) 
P l a s t i c i t y index (AASHO T 91) 

25 0 . 1 P l a s t i c l i m i t (AASHO T 90, A S T M D 424) 
P l a s t i c i t y index (AASHO T 91) None None 
Shr inkage f a c t o r s (AASHO T 92, A S T M D 427) 30 0 . 1 
Spec i f ic g r a v i t y (AASHO T 100, A S T M D 854) 30 0 . 1 
Check tes ts 100 0 .25 
Compact ion and densi ty of s o i l (AASHO T 99, A S T M D 698) 5,000 11 .0 
Speci f ic g r a v i t y and abso rp t ion of coa rse aggregates (AASHO 

T 84, A S T M C 127) _a _a 

Supplementary Tes t s on Raw Soi ls 
0 . 3 ^ Sand equivalent tes t (AASHO T 176) 110^ 0 . 3 ^ 

SweU of so i l s (AASHO T 116, A S T M "P rocedu re s f o r T e s t 
650^ 1.4b ing S o i l s , " 1950) 650^ 1.4b 

Expansion p r e s s u r e of s o i l s (Tes t Method C a l i f . 301 B , J a n 
5,000^ 1 1 . 0 ^ ua ry 3, 1956) 4 tes ts 

Shr inkage of s o i l ( A S T M "Procedu re s f o r T e s t i n g S o i l s , " 1950) 
5 ,000^ 1 1 . 0 ^ ua ry 3, 1956) 4 tes ts 

Shr inkage of s o i l ( A S T M "Procedu re s f o r T e s t i n g S o i l s , " 1950) 1,000<^ 2.2c 
Organic i m p u r i t i e s (AASHO T 21) 450 1.0 
G l y c e r o l r e t en t ion tes t ( f o r s u r f a c e a rea) (50) 10 0 . 1 

Standard Tes ts on C e m e n t - T r e a t e d S o i l M i x t u r e s 
M o i s t u r e - d e n s i t y r e l a t i ons (AASHO T 134, A S T M D 558) 5,000 11 .0 
We t t i ng and d r y i n g t es t (AASHO T 135, A S T M D 559) 2 s p e c i 

mens 3 ,000 6 .6 
F r e e z i n g and thawing (AASHO T 136, A S T M D 560) 2 s p e c i 

mens 3 ,000 6 .6 

Supplementary Tes t s on C e m e n t - T r e a t e d S o i l M i x t u r e s 
Compress ive s t r e n g t h ( 2 . 8 - i n . d i a m . x 5 . 6 - i n . h igh s p e c i 

250<* 0 . 6 ^ mens) ( A S T M "Procedu re s f o r T e s t i n g So i l s" ) 250<* 0 . 6 ^ 
Compres s ive s t r eng th ( 4 - i n . d i a m . x 4 . 5 9 - l n . h igh specimens) 1,500d 3.3d 
P e r m e a b i l i t y ( A S T M "Procedu re s f o r T e s t i n g So i l s " ) 3 ,000^ 6.6e 
C a l i f o r n i a B e a r i n g Rat io ( A S T M "Procedu re s f o r T e s t i n g 

So i l s " ) 4 ,200 9 .3 
Cement content of s o i l - c e m e n t m i x t u r e s (AASHO T 144, A S 

T M D 806) None None 
Inspec t ion tes ts ( "p i ck" and " c l i c k " tes ts ) (10) None None 

T o t a l sample f o r a U tes ts 75 to 100 

S p e n d s on proportion of coarse aggregate. Test requires 5,000 grams. 
l>Mlnus No. h sieve material . 
Cianufl No. 10 sieve material . 
^Sol l required for one specimen. 
^Slze of sample ranges frcm 200 grams of minus No. 10 material to 3/000 grams of to ta l 
material depending on method of tes t used. 



TESTING FOR SOIL-CEMENT CONSTRUCTION-OBSERVATIONS AND TESTS 
FOR SOIL IDENTIFICATION AND MDt DESIGN PURPOSES 

Method of Observation 
or Test Purpose of Mothod 

Commonly used methods for 
soil-cement 

1 Soil series and horizon 
determination 

Soil Survey Manual, U S Dept of 
Agriculture, HandbocA No 18, 
1951 Also see PreUmlnary Sur
veying and Sampling for Soil-Ce
ment Construction 

Identification tests on raw 
soils 

a Uquld Umlt 
b PlasUc Umlt 
c Mechanical analysis 

Pro-mix-design tests on 
raw soils 
a Bulk specific gravity 

and absorption of 
plus No 4 aggre
gates 

Mlx-deslgn tests on soU-
cement mixtures 

a Moisture-density re
lations 

b Compressive strength 
c Wetting and drying test 
d Freezing and thawing 

test 

5 Short-cut test procedures 
for sandy soils 

8 Inspection tests—the 
"pick" and "click" tests 

B Auxiliary and supplementary 
methods 

1 Identification tests on raw 
soils 

a Shrinkage Umlt 
b Sand equivalent 
c Specific gravity 

Premix-deslgn tests on 
raw soils 

AA5H0 T 89, ASTM D 423 
AASHO T 90, ASTM D 424 
AASHO T 88, ASTM D 422 

AASHO T 85, ASTM C 127 

AASHO T 134, ASTM D 558 
ASTM Procedures tor Testing 
Sous, 1958 
AASHO T 135, ASTM D 559 
AASHO T 138, ASTM D 560 

(10, 49) 

(10) 

AASHO T 92, ASTM D 427 
AASHO T 178 
AASHO T 100, ASTM D 854 

To reduce aitiount of testing Once the 
cement requirements for a given series 
and horizon have been determined by tests, 
no further soU-cemeat tests are needed 
for soUs of that series and horizon re
gardless of where It is encountered 

To aid In estabUshlng the boundaries of 
the various roadway or borrow soils, to 
eliminate inferior soUs, and, to select 
soils that appear to be the most suitable 
for testing as soU-cement mixtures 

To furnish values for weight proportion
ing of sou plus 4 fracUons for the mois-
ture-densi^ retaUoos test on soU-cement 
mixtures 

a To furnish values of moisture content 
and density for molding specimens for 
tests and for field control factors for 
starting construction 

b To provide data on rate and degree of 
hardening for aU soils, for determin
ing cement requirements for sandy 
soils, and for aids in selecUng cement 
contents for wet-dry and freeze-thaw 
tests Also to provide a standard by 
which the quaUty of field processing 
can be appraised 

c and d To determine the minimum ce
ment contents that wlU overcome dls-
rupUve forces of swelling and shrink
ing, as weU as frost action, for use 
as cement factors for construcUon 

To determine the cement requirements and 
starting moisture and density values for 
construction 
To aid in Judging the rate of hardening and 
in selecting cement contents for further 
testing 

When related to optimum moisture 
content, to aid in preUmlnary estimat
ing of cement requirements 
To aid in estimating cement require
ments 
For computation of porosity 

a Volume change a 
(1) Shrink 
(2)SweU 

b Frost heave suscep-
tlbUlty b 

c Organic content c 
d Surface area (glyce d 

rol retention) e 
e PermeabUlty 

ASTM Procedures for Testing 
SoUs, 1950 Page 129, except 
make separate computations for 
shrink and sweU 
(13?) 
AASHO T 21. ASTM C 40 
(140) 
ASTM Procedures for 
Testing Sous, 1950 

3 Tests on eoU-cement 
mixtures 
a Moisture-density re

lations (10-0) nunmer) 
b Volume change 

(1) Shrink 
(2) SweU 

c Frost heave suscep-
tlbUlty 

d PermeablUty 
e Strength and elastic 

properties 
(1) Trlaxlal compres

sion 
Flexural (modulus 
of rapture) 

(S)CaUf Bearing Ita-
Uo (CBR) 

(4) Punching shear 
(5) Plate bearing test 
(8) ModuU of elasticity 

a Static modulus 
in conqiresslon 

b Static moduhis 
in flexure (Egf) 

c Resonance dyn
amic modulus 
(Ed) 

(7) Polsson's raUo 
f Atterberg limits on 

repulverized soU-ce-
ment (LL, PL) (Also 
SL) 

g Water absorption 
h Thermal conducUvity 
1 Thermal expansion 

(coelf of) 
] Flow test on soU-ce-

ment slurries 

AASHO T 180, ASTM D 1557 
Same as for D-2-a above 
Test method in Reference 139 
antUed to SoU-Cement 
ASTM Prttcedures for 
Testing SoUs 
-(1), e-(2), e-(S), e-(5) ASTM 
Procedures for Testing Soils 
-(4) Reference 141 
-(6) and e-(7) Reference 14 
References 26, 27, 41, 143 
Immersion 
Reference 143 
Reference 38 

.Reference 123 

To provide a basis for Judging the ef-
fecUveness of low cement content mix
es (cement-modified soli) in control
ling volume change 
To form a basis for Judging the effec
tiveness of cement admixtures to pre
vent detrimental frost heave 
To aid in preUmlnary selection of suit
able soils, to establish caose of nn-
sultabUity of a soU, and to aid in de
termining requirements for amend
ments and additives 
A short-cut method for plasUc soils 
wUh less Uian 45 percent sUl 
To provide a basis for Judging the ef
fectiveness of cement In controUing 
permeablUty 

a Same as for B-2-a Higher density 
and lower moisture content can tie used 
v^ere these values wUl be obtained 
in construcUon 

b To determine cement reqolrements 
for control of shrink and sweU within 
prescribed limits 

c. To determine cement requirements for 
special appUcaUons where soU-cement 
is In contact with free water during 
freezing and no heaving is permitted 

d To determine the cement requirements 
to contral permeablUty within prescribed 
llmltB 

e Strength tests provide data described 
above under A-4-b and also for struc
tural design purposes 

f To provide data that indicates effec
tiveness of cement In reducing plastic
ity In cement-modified granular soils 
and to indicate generally its effecUve-
ness in controlling volume change in 
cement-modified clayey soils 

g To indicate effecUveness of cement In 
controUing sweU 

h To provide data on heat losses for 
building purposes 

1 To determine linear changes in soU-
cement due to temperature changes 

J To determine proper proportion of wa
ter in mixes for mudJacUng slurries 
and grouts 
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OBSERVATIONS AND TESTS FOR SOIL IDENTIFICATION 
AND MIX DESIGN PURPOSES 

Categories of Observations and Tests 
The main requirements for soil-cement of a prescribed quality are that: (a) an ade

quate proportion of cement is incorporated with the pulverized soil; (b) the proper pro
portion of water is dispersed through the soil-cement mix; (c) the soil-cement mixture 
is compacted to the proper density; and (d) the compacted soil-cement is protected a-
gainst moisture loss and excessively low temperatures during a prescribed curing per
iod. Control factors to aid in meeting three of these four requirements can be prede
termined by commonly used tests and observations on the soils and on the soil-cement 
mixtures. The observations and tests are of two types: those performed on the soil 
for the purpose of identification, and those performed principally for controlling the 
design of the soil-cement mix to meet specific requirements. For each of the two cate
gories there are several tests that are commonly used. In addition, there are auxiliary 
and supplementary tests of a nature that provide data on different properties of soils or 
soil-cement mixes or supplement the data obtained by the commonly used tests, A list 
of the commonly used observations and tests, and auxiliary and supplemental tests for 
both soil and soil-cement mixtures is given in Table 28, In addition, Table 28 gives 
reference to descriptions of methods and indicates the purpose of the observation or 
test. 

Application of Observations and Tests to Projects 
The need for testing, and thus the application of the individual test methods, depends 

on the nature of the soil, the climatic conditions involved, the type of soil-cement mix 
being designed, and, in some measure, on the size of the facility and the time permit
ted for testing. Previous test data correlated with performance make it possible to 
determine cement requirements for sandy soils with only limited testing. Where freez
ing of the soil-cement base courses does not occur, the climatic conditions lessen the 
need for the freeze-thaw test. Soil-cement that is designed to satisfy certain criteria 
requires testing that differs both in amount and nature from the testing required for 
cement-modified granular soils and cement-modified silt-clay soils. The size of the 
facility and time permitted for testing also govern the test methods permissible from 
the standpoint of cost and time. Major projects are planned to permit time for testing. 
For very small projects, the cost of extensive testing is not economical, and it is de
sirable to estimate cement requirements and provide a margin of safety in terms of in
creased requirements to insure mixtures meeting quality requirements. Figure 76 
shows the manner in which tests are usually used in projects of various sizes. 

The application of testing to types of cement-treated soil and size of projects is 

SANDY 
SOILS 

S H O R T - C U T 
T E S T METHOD 

1 liientificolion tests 
2 Moslure-density 

test 
3 Conpressive 

strength tests 
4 Determination of 

cement requirements 
by ctiarts 

MAJOR 
PROJECTS 

A L L OTHER 
TEXTURES 

COMPLETE SERIES OF 
DETAILED T E S T S 

1 Identification tests 
2 Moisture-density 

test 
3 Wet-dry a treeze-

ttww tests 
4 Compressive 

strength tests 

VERY SMALL AND 
EMERGENCY PROJECTS 

METHOD FOR SOILS IOEN-| 
TIFIED BY SOIL S E R I E S 

Identification tests 
Use cement 
factor determined by 
previous tests on 
soils of the some 
series 

RAPID 
T E S T METHOD 

1 Masture-density 
test 

2 "PICK" and "Click" 
test 

F i g u r e 76. I n t e r r e l a t i o n of methods of t e s t i n g soil-cement mixtures (ikh). 
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f u r t h e r ind ica ted i n Tab le 29, w h i c h g ives the tes ts that a r e essen t ia l to i n su re r e s u l t s 
b e f i t t i n g the type of m i x t u r e used, and add i t iona l t es t s that may a i d i n des igning o r i n 
eva lua t ing the m i x t u r e . 

T e s t i n g and M i x Des ign f o r So i l -Cemen t f o r M a j o r P r o j e c t s 

Gene ra l . —Whenever p r ac t i c ab l e the f i r s t step i n m a k i n g observa t ions and tes ts 
w o u l d be to i d e n t i f y the s o i l s e r i e s and h o r i z o n , then to de t e rmine i f samples f r o m a 
s i m i l a r s o i l s e r i e s and h o r i z o n have been tes ted p r e v i o u s l y . I f i t i s not p r a c t i c a b l e to 
i d e n t i f y the s e r i e s , o r i f on i d e n t i f i c a t i o n i t i s found that tes ts have not been made p r e -

TABLE 29 
APPUCATION OF TESTING TO THE VARIOUS TYPES OF CEMENT STABIUZATION 

ObservaUons and Test Methods 

SoU-Cement̂  
Small or 

Major Emergency Major 
Projects Projects Projects 

Cement-Modified 
Granular Soils Cement-

Small or Modified Plastic 
Emergency Silt-Clay Soil-Cement 
Projects Soilsb (sandy soUs) 

I . Field soil survey 
A. Soil horizon or layer and depth 

in road or in borrow pit. (AASHO T 86, 
ASTM D 420) (3) 

B. Sou series or extent 
n. Testing of raw soils 

A. Commonly used tests 

B. Auxiliary and supplementary tests 
1. Sand equivalent (AASHO T 176-56 1) 
2. Volume change (shrink and sweU) 

(ASTM Pioc. for testing soils) 
m. Testing of cement-treated soil mixtures 

A. Commonly used tests 
1. Moisture-density relations (AASHO 

T 134, ASTM D 558) 
2. Compressive strength (ASTM Pro

cedures for testing soils) 
3. Wetting and drying test (AASHO T 

135, ASTM D 559) 
4. Freezing and thawing test (AASHO T 

136, ASTM D 560) 
5. Short-cut test procedures for sandy 

soils (40) 
6. Inspection tests-the "pick" and 

"cUck" tests (2) 
B. Auxiliary and supplementary tests 

1. Volume change (shrink and sweU) 
2. Water absorption (moisture content 

after sweU) 
3. Liquid limit and plastic limit of re-

pulverized soil-cement mix 

X 
.c 

1. Mechanical analysis (AASHO T 88, 
ASTM D 422) x° x"" 

2. Liquid Umit (AASHO T 89, ASTM D 
423) y y 

3. PlasUc Umit (AASHO T 90, ASTM D 
424) y y 

4. Specific gravity and absorption of 
coarse aggregate (AASHO T 85, AS
TM C 127) X y 

X 

xh 

xh 

y' 

yJ 

y 

y 

xB 

X 

X 

X 

Note: X Observations and tests needed to insure results befitting the type of mix 
y Observations and tests that may aid in designing or evaluating the mix 

^l^es designed to satisfy "Criteria for SoU-Cement." These may Include Class A and some Class B and Class D ce
ment-treated base mixtures used in western states. 
"Tests needed to provide data for mix design depend on nature of facility, exposure conditions, desired properties of the 
cement-modified soils, and degree of permanency expected. The tests indicated wlU furnish data for most highway uses. 
^When personnel qualified to identify ̂ e , series and horizon are available. 
"Necessary when coarse aggregate (plus No. 4 sieve) is present. 
^Most useful on granular soils. 
'When aim is to control volume change. 
ESee Reference 159 for method of test. 
"Except when short-cut procedures are used for sandy soils. 
'May be used in Ueu of standard tests. 
1 A useful observaUon on all cement-treated mixtures. 
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v i o u s l y , the second step i s to de t e rmine by mechanica l ana lys i s i f the s o i l s meet the 
r equ i r emen t s f o r sandy s o i l s f o r w h i c h s h o r t - c u t cement r e q u i r e m e n t tes t p rocedures 
may be used. I f the s h o r t - c u t p rocedures a r e not app l icab le , A S T M - A A S H O Tes t s a r e 
made . 

Shor t -Cu t Methods f o r D e t e r m i n i n g Cement Requi rements f o r Sandy So i l s ; Methods 
A and B . - R e p o r t s w e r e made i n 1953 (145), 1955 (144), and i n 1958 (49) of s h o r t - c u t 
methods f o r d e t e r m i n i n g the cement r equ i r emen t s f o r m i x t u r e s made f r o m sandy s o i l s . 
D u r i n g 1957 the AASHO and the A S T M r e v i s e d t h e i r tes t p rocedures f o r the m o i s t u r e -
densi ty r e l a t i ons tes t ( 1 1 , 12), the w e t t i n g and d r y i n g tes t ( 1 1 , 12), and the f r e e z i n g -
thawing tes t ( 1 1 , 12) to p e r m i t the use of the t o t a l m a t e r i a l i n the m i x t u r e (w i th the p r o 
v i s i o n that the m a t e r i a l between % - and 3 - i n . s izes be represen ted by a s i m i l a r p r o p o r 
t i o n of No . 4 to % - i n . s ieve m a t e r i a l ) . That r e su l t ed i n a r e v i s i o n (49) of the p r e v i o u s 
l y r e p o r t e d (144, 145) p rocedures to c o n f o r m to the l a tes t AASHO and A S T M methods . 
Inasmuch as the s h o r t - c u t tes t methods a r e not g iven i n the AASHO and A S T M Standards, 
they a r e g iven here i n d e t a i l . 

T w o s h o r t - c u t methods have been developed f o r es tab l i sh ing cement r equ i r emen t s 
f o r many sandy s o i l s . Method A i s used f o r s o i l s having no m a t e r i a l r e t a ined on the 
No . 4 s i eve . Method B i s used f o r so i l s conta in ing m a t e r i a l r e t a ined on the No. 4 
s ieve . 

The s h o r t - c u t methods may be app l i ed only to s o i l s con ta in ing l ess than 50 percent 
m a t e r i a l s m a l l e r than 0 .05 m m ( s i l t and c lay) and less than 20 percent s m a l l e r than 
0 .005 m m (c lay ) . The s h o r t - c u t methods do not apply to s l ow hardening organic s u r 
f ace s o i l s de sc r ibed under " S o i l Amendments and A d d i t i v e s , " nor to misce l laneous 
m a t e r i a l s such as c i n d e r s , c a l i che , chat , c h e r t , m a r l , r ed -dog , s c o r i a , shale, s l ag , 
vo lcan ic ash , o r vo lcan ic c i n d e r s . Method B does not apply to g r a n u l a r s o i l s having 
m a t e r i a l r e t a ined on the No . 4 s ieve i f that m a t e r i a l has a bu lk spec i f i c g r a v i t y of less 
than 2 . 4 5 . The methods do not n e c e s s a r i l y indica te the m i n i m u m p e r m i s s i b l e cement 
content , but they do indica te a s a f e cement f a c t o r genera l ly near that ind ica ted by A S T M -
AASHO w e t - d r y and f r e e z e - t h a w tes t s . 

B e f o r e app ly ing the s h o r t - c u t method, i t i s necessary (a) to de t e rmine the g rada t ion 
of the s o i l , and (b) to de t e rmine the bu lk spec i f i c g r a v i t y of the m a t e r i a l r e t a ined on 
the No . 4 s ieve to f i n d i f i t meets the f o r e g o i n g r e q u i r e m e n t s , ff a l l the s o i l passes 
the N o . 4 s ieve , Me thod A shou ld be used , ff some m a t e r i a l i s r e t a ined o n the N o . 4 
s ieve , Method B should be used. 

Method A p rocedure i s as f o U o w s : 

Step 1—Determine by tes t the m a x i m u m densi ty and o p t i m u m m o i s t u r e content f o r 
a m i x t u r e of the s o i l and the cement . (Use F i g u r e 77 to obta in an es t ima ted m a x i m u m 
densi ty of the m i x t u r e being tes ted . T h i s e s t ima ted m a x i m u m densi ty and percentage 
of m a t e r i a l s m a l l e r than 0.05 m m — N o . 270 sieve—may be used w i t h F i g u r e 78 to de
t e r m i n e the cement content by weigh t to use f o r the t e s t . ) 

Step 2—Use the m a x i m u m densi ty obtained by tes t i n Step 1 to d e t e r m i n e f r o m F i g 
u r e 78 the ind ica ted cement r e q u i r e m e n t . 

Step 3—Use the ind ica ted cement f a c t o r obtained i n Step 2 to m o l d compres s ive 
s t r eng th specimens i n t r i p l i c a t e at m a x i m u m densi ty and o p t i m u m m o i s t u r e content . 
(Specimens of 2 - i n . d i ame te r by 2 i n , i n height o r 4 - i n . d i a m e t e r by 4 . 6 i n . i n height 
may be mo lded . The 2 - i n . spec imen should be submerged i n w a t e r one hour b e f o r e 
t e s t ing and the 4 - i n . specimens f o u r h o u r s . The 4 - i n . specimens should be capped 
be fo re t e s t i n g . ) 

Step 4—Determine the average compres s ive s t r eng th of the specimens a f t e r 7 days 
m o i s t c u r i n g . 

Step 5—On F i g u r e 79 p lo t the average compres s ive s t reng th va lue obtained i n Step 
4 . K t h i s va lue p lo t s above t he c u r v e , the ind ica ted cement f a c t o r by we igh t , d e t e r 
mined i n Step 2 , i s adequate. F o r f i e l d cons t ruc t ion use F i g u r e 80 to conver t t h i s ce 
ment content by weigh t to a v o l u m e bas i s . (H the average compres s ive s t r eng th va lue 
p lo t s be low the cu rve of F i g u r e 79, the ind ica ted cement f a c t o r obtained i n Step 2 , i s 
p robably too l o w . A d d i t i o n a l tes ts w i l l be needed to es tab l i sh a cement r e q u i r e m e n t . 
These tes ts generaUy r e q u i r e the m o l d i n g of two tes t spec imens , one a t the ind ica ted 
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cement f a c t o r obtained m Step 2 and one at a cement content two percentage po in ts 
h i g h e r . The specimens a r e then tes ted by A S T M - A A S H O f r e e z e - t h a w tes t p r o c e d u r e s . ) 

Method B p rocedure i s as f o l l o w s : 

Step 1—Determine by tes t the m a x i m u m densi ty and o p t i m u m m o i s t u r e content f o r a 
m i x t u r e of the s o i l and Por t l and cement . (Use F i g u r e 81 to d e t e r m i n e an e s t ima ted 
m a x i m u m densi ty of the m i x t u r e be ing tes ted . T h i s e s t ima ted m a x i m u m dens i ty , the p e r 
centage of m a t e r i a l s m a l l e r t h a n 0 . 5 5 m m ( N o . 270s i eve ) , and the percentage of m a t e r i a l 
r e t a ined on the No . 4 s ieve may be used w i t h F i g u r e 82 to d e t e r m i n e the cement content 
by weigh t to use i n the t e s t . ) The s o i l s ample f o r the tes t should conta in the same p e r 
centage of m a t e r i a l r e t a ined on the N o . 4 s ieve as the o r i g i n a l s o i l sample conta ins . 
However , % - i n . m a t e r i a l i s the m a x i m u m s ize used. Should t he re be m a t e r i a l l a r g e r 
than t h i s m the o r i g i n a l s o i l s ample , i t i s r ep laced i n the tes t sample by an equivalent 
weigh t of m a t e r i a l pass ing the % - i n . s i eve and r e t a ined on the No . 4 s i eve . 

Step 2—Use the m a x i m u m dens i ty obta ined by t es t i n Step 1 to d e t e r m i n e f r o m F i g 
u r e 82 the ind ica ted cement r e q u i r e m e n t . 

Step 3—Use t o t a l m a t e r i a l as de sc r ibed i n Step 1 and the ind ica ted cement f a c t o r ob 
ta ined i n Step 2 to m o l d c o m p r e s s i v e s t r eng th specimens i n t r i p l i c a t e a t m a x i m u m den
s i t y and o p t i m u m m o i s t u r e content . (Specimens of 4 - i n . d i a m e t e r by 4 . 6 i n . i n height 
shaU be m o l d e d . They should be submerged i n w a t e r f o u r hours and should be capped 
b e f o r e t e s t i n g . ) 

Step 4—Determine the average c o m p r e s s i v e s t r eng th o f the spec imens a f t e r 7 days 
m o i s t c u r i n g . 

Step 5—Determine f r o m F i g u r e 83 the m i n i m u m a l lowab le c o m p r e s s i v e s t r eng th f o r 
the s o i l - c e m e n t m i x t u r e . I f the average c o m p r e s s i v e s t r eng th obtained m Step 4 equals 
o r exceeds the m i n i m u m a l l owab le s t r eng th , the ind ica ted cement f a c t o r by weigh t ob
ta ined i n Step 2 i s adequate. F o r f i e l d c o n s t r u c t i o n , use F i g u r e 80 to conve r t t h i s ce 
ment content by weigh t to a v o l u m e bas i s . ( I f the average c o m p r e s s i v e s t r eng th va lue 
i s l o w e r than the m i n i m u m a l l o w a b l e , the ind ica ted cement f a c t o r obtained i n Step 2 i s 
p robab ly too l o w . A d d i t i o n a l t es t s as de sc r ibed p r e v i o u s l y a r e needed.) 

A c c u r a c y of Short-C!ut Methods f o r D e t e r m i n i n g Cement F a c t o r s f o r Sandy S o i l s . — A 
c o m p a r i s o n has been made of cement r e q u i r e m e n t s obtained by t h i s method w i t h the r e 
q u i r e m e n t s obta ined on t o t a l m a t e r i a l by s tandard AASHO and A S T M w e t - d r y and f r e e z e -
thaw methods f o r 209 so i l s (49). Adequate cement contents o r the need f o r f u r t h e r t e s t 
i n g was ind ica ted f o r 204 (97 .6 pe rcen t ) of the 209 s o i l s . F o r f i v e of the s o i l s ( 2 . 4 p e r 
cent) the method d i d not indica te adequate cement contents nor d i d i t ind ica te the need 
f o r f u r t h e r t e s t i n g . The r e l i a b i l i t y was 9 7 . 6 pe rcen t . A c t u a l cement r e q u i r e m e n t s 
w e r e ind ica ted f o r 59 percent of the s o i l s . The Sho r t -Cu t Method c a l l e d f o r a 1 p e r 
cent h ighe r cement content f o r 25 percen t of the s o i l s , a 2 pe rcen t h ighe r cement c o n 
tent f o r about 9 pe rcen t of the s o i l s and a th ree percen t h igher cement content f o r a -
bout f o u r pe rcen t of the s o i l s . 

C o r r e c t i o n f o r P lu s N o . 4 M a t e r i a l i n D e t e r m i n i n g M a x i m u m Dens i ty of the S o i l - C e 
ment M i x . —Past p r a c t i c e i n a l l s o i l - c e m e n t t e s t i ng ( s h o r t - c u t as w e l l as s tandard 
methods) has been to d e t e r m i n e the m a x i m u m densi ty on the f r a c t i o n pass ing the N o . 4 
s ieve and then compute the t h e o r e t i c a l m a x i m u m dens i ty of the t o t a l m i x t u r e . Those 
computa t ions w e r e based on the a s sumpt ion that the add i t i on of m a t e r i a l r e t a ined on 
the N o . 4 s ieve inc reased the densi ty of the m i x t u r e by d i sp l ac ing , i n equal v o l u m e , 
the m i x t u r e pass ing the No . 4 s i eve . That has not al^ys he ld t r u e . A s a r e s u l t , tes ts 
have been p e r f o r m e d (49) to d e t e r m i n e the r e l a t i o n s h i p between the m a x i m u m dens i ty 
(as d e t e r m i n e d by AASHO Method T 134 o r A S T M Method D 558) and the percen t of ma te 
r i a l r e t a ined on the N o . 4 s ieve and compare the r e s u l t s w i t h those obtained by c o m p u 
t a t i o n on the bas i s of the f o l l o w i n g equat ion: 

. D - 0 .9 RG 
(1-R) 

i n w h i c h 
d = the m a x i m u m dens i ty of s o i l - c e m e n t m i x t u r e pass ing the N o . 4 s ieve i n pcf ; 
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D = m a x i m u m densi ty of t o t a l s o i l - c e m e n t m i x t u r e i n pcf ; 
R = percent of m a t e r i a l r e t a ined on the No . 4 s ieve d iv ided by 100; and 
G = bulk spec i f i c g r a v i t y of m a t e r i a l r e t a ined on the No . 4 s ieve x 6 2 . 4 . 

The r e s u l t s of the tes ts on a n a t u r a l g r a v e l and sand a r e ind ica ted i n F i g u r e 84 . 
M a t e r i a l r e ta ined on the No . 4 s ieve was separated and then r ecombined i n the p r o p o r 
t ions ind ica ted i n the c h a r t . I t may be seen f r o m F i g u r e 84 that when the amount of 
m a t e r i a l r e t a ined on the No . 4 s ieve does not exceed about 50 percen t , the m a x i m u m 
densi t ies obtained by the equation app rox ima te qui te c lo se ly the m a x i m u m dens i t ies ob 
ta ined by tes t u s ing the t o t a l m a t e r i a l . 

Standard AASHO and A S T M Tes t Methods , - S t a n d a r d AASHO and A S T M tes t methods 

Q. 

L L I 
Q 

X 

U J 
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< 
I T 
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> 
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2 0 % M A T E R I A L S M A L L E R < ^ 
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3 0 ° / 

0 2 0 4 0 - 6 0 8 0 

N O 4 T O N O 6 0 S I E V E S I Z E M A T E R I A L - P E R C E N T 

Figiire 77. Average maxiinuin densities of soil-cement mixtures having no material reta in
ed on No. It sieve (1*9). 
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have been recently revised to permit inclusion of the total material for soils containing 
coarse aggregate. References to the test methods are given in Tables 28 and 29. 
Sources where the descriptions of the test methods may be found are given in the refer
ences (11, 12, 103). The test methods are also described in the ASTM Book of Stand-

130 

UJ 
Q 

5 

6% CEMENT BY WEIGHT 

0 5 10 15 20 25 30 35 40 

MATERIAL SMALLER THAN 0 0 5 MM - PERCENT 

Figure 78. Indicated cement content of soil-cement mlxtiires haying no material retain
ed on No. k sieve (U9). 

50 

I I I I I I I ' I I ' I I I ' 

15 20 25 30 35 
MATERIAL SMALLER THAN 005MM - PERCENT 

50 

Figure 79. Minimum 7-day compressive strengths required for soil-cement mixtures hav
ing no material retained on the No. k sieve (U9). 

ards. Part 3. Additional information concerning the details of testing soil-cement are 
given in a Laboratory Handbook published by the Portland Cement Association (10). 

For dependable results on major projects, the fu l l set of wet-dry and freeze-thaw 
tests should be performed on soils that do not meet the requirements for the short-cut 
methods until correlation with behavior provides a background of e:g>erience for re
duction in the amount and change in the type of testing. 

British Standard Test Methods (36).-In British pracUce, the percent cement for 
soil-cement is determined by the unconfined compression test method described In 
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British Standard 1924:1953 of the British Standards Institution. Cylindrical specimens 
2 in. in diameter and 4 in. high are compacted at Standard AASHOfASTM optimum 
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moisture and dry density, moist cured at 
near 100 percent relative humidity and 70 
F for 7 days, and then tested for uncon-
fined compressive strength by loading at 
a constant rate of deformation of 0.05 in. 
per minute. The minimum cement con
tent adopted is that producing a strength 
higher than or equal to the appropriate 
recommended values discussed under 
"British Criteria for Determining Ce
ment Requirements." 

The soil-cement mixture designed on 
the basis of unconfined compressive 
strength may not be definitely accepted 
until i t is determined that the mixture 
provides adequate freeze-thaw resistance 
to satisfy the requirements of the dura
bility test method described m British 
Standard 1924:1957 ("Determination of 
the Resistance of a Stabilized Soil Mixture 
to Damage by Frost"). For this test, two 
identical specimens are prepared in the 
same way as in B.S. 1924:1953; the per
cent cement used is that which provides 
soil-cement meeting the unconfined com
pressive strength criterion. 

After moist curing for 7 days, one of 
the specimens (the freeze-thaw specimen) 
is immersed in distilled water for 24 
hours, then subjected to 14 cycles of al
ternate freezing and thawing. Each cycle 
consists of 24 hours and consists of 16 hours of freezing at a temperature of 23 + 2 F 
(-5 + 1 C) followed by 8 hours of thawing at a temperature 77 + 4 F (25 t 2 C). In this 
test only the top surface of the specimen is exposed to extreme temperatures of 23 F 
and 77 F; the other surfaces of the specimen are in an insulated vacuum flask contain
ing water at a temperature of 46 F (8 C) in contact with the base of the specimen. 
Freezing and thawing therefore are from the surface as in the field. The second spec
imen (the control specimen) is moist cured for 7 days and then immersed for 15 days. 
At the end of this period, the two specimens are tested for unconfined compressive 
strength, pf for the freeze-thaw specimen and Pcf for the control specimen. The index 
of the resistance to the effect of freezing, p^f, is calculated from the formula: ' 

MATERIAL SMALLER THAN 0 0 5 MM - PERCENT 

Figure 81. Average maximum densities of 
soil-cement mixtures having material re

tained on the No. k sieve (1*9). 

Rf (percent) 

The criterion of satisfactory freeze-thaw durability is discussed under "British Cr i 
teria for Determining Cement Requirements." 

The use of the British freeze-thaw test is limited to fine-grained soils. A modifi
cation of the British freeze-thaw test is described in reference (66). 

A soil-cement mixture designed on the basis of unconfined compressive strength 
criterion may be further evaluated by an immersion test. The preparation of two iden
tical specimens is the same as for the freeze-thaw test. One of the specimens is moist 
cured for 7 days, then immersed for 7 days. The control specimen is moist cured for 
14 days. At the end of this period, the two specimens are tested for unconfined com
pressive strength, pj for the immersed specimen and Pci for the control specimen. 
The resistance to the effect of immersion is calculated from the formula: 

R^=ieLPi (percent) 
Pci 



Cement Content by Weight - percent 
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Material Smal ler than 0 0 5 mm-percent 

Figure 8 2 . Indicated cement content of soil-cement mixtures having material retained 
on the No. k sieve (^9). 

I—« 

^ 4 0 

-30 

-20 

10 

Figure 83. Minimum 7-day compressive strengths required for soil-cement mixtures hav
ing material retained on the No. h sieve (1*9). 
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The criterion of satisfactory immersion durability is discussed under "British Criter
ia for Determining Cement Requirements." 

Auxiliary and Supplementary Test Methods. —The short-cut methods for determin-
ing cement requirements for sandy soils (49) and the standard AASHO and ASTM test 
methods are essential to insure mixtures of a quality that satisfy criteria for soil-ce
ment. There are auxiliary and supplemental test methods that should show a high de
gree of reliability when used by e:q)erienced soils engineers. Among these is a new 
short-cut method for determining cement content for clayey soils that offers promise 
as a method for use on major projects, and rapid methods and inspection tests that 
are designed for use on small or emergency projects. 

Short-Cut Procedures for Determining Cement Factors for Fine-Gralned Soils-
Clayey Soils.—A recent research report (50) shows a strong correlation between sur-

face area of soils as measured by the gly
cerol retention test (140) and cement re
quirements when (1) silt clay soils con
tain less than 45 percent silt sizes (finer 
than No. 200 sieve and coarser than 0.005 
mm); and (2) the cement factor in the cor
relation is taken as the actual cement con
tent by weight at which 10 percent loss oc
curs in the freeze-thaw test, no allowance 
being made for AASHO soil class differ
ence. The equation 
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Figure 8U. Effect of material retained on 
the No. U sieve on maxinum density (lt9). 

Cement Factor = 
0.087 X Surface Area -f 3.79 

can be used to derive accurate predictions 
of the cement factor from measurements 
of surface area by the glycerol retention 
method. 

Suitable adjustments can be made by 
modifying the cement factor obtained from 
the equation in the following ways: 
1. Add 2.0 percent cement to adjust to 

the basis of 7 percent allowable loss in the freeze-thaw test for A-6 and A-7 soils. 
2. Subtract 0.7 percent to adjust to the basis of 14 percent allowable loss for the 

A - 1 , A-2-4 and A-2-5 soils. 
3. Convert the modified value to a percent by volume basis (using the density of 

the soil-cement mixture) for construction purposes. 

Percent cement by volume D-(D/C) 
94 X 100 

in which 
D = oven-dry density of the soil-cement in pcf, and 
C = 100 plus the percent cement by weight of dry soil, the quantity divided by 

100. 
Comparison of cement requirement values obtained by standard ASTM-AASHO wet-dry 
and freeze-thaw tests with values obtained by the glycerol retention surface area test 
for 39 samples showed an average deviation of 0.6 percent cement by volume and con
siderably less for the more highly plastic members of the group. The chart in Figure 
85 indicates the steps taken in the use of the test and its relation to other tests on other 
soils for which the glycerol retention test is not applicable. As applied to this study, 
the glycerol retention test consists of the following steps in the determination of sur
face area: 
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DETERMINE GRAIN SIZE DISTRIBUTION 
AND ATTERBERG TEST LIMITS OF SOIL 

INON-PLASTIC SOILSI 
1 

I PLASTIC SOILsl 

SOILS WITH LESS 
THAN 45%SILT 

THIS METHOD NOT APPLICABLE 
(USE T-136-57 OR PCA SHORT CUT METHOD) 

SOILS WITH 457c 
OR MORE SILT 

X 
THIS METHOD NOT APPLICABLE 

(USE AASHO T-136-57) 

DETERMINE SURFACE AREA BY GLYCEROL RETENTION PROCEDURE 

FROM REGRESSION EQUATION Y=0 087(SURFACE AREA) + 3 79, CALCULATE Y , AN ESTIMATE OF 
WEIGHT 7o OF CEMENT AT WHICH I07o LOSS WOULD OCCUR IN 12 CYCLE FREEZE-THAW TEST 

I 
A-l,A-2-4,A-2-5 

SOILS 
A-2-6,A-2-7,A-4,A-5 

SOILS 

SUBTRACT 0.7 TO CORRECT Y 
FOR l47o ALLOWABLE LOSS 

A-6,A-7 
SOILS 

ADD 2 0 TO CORRECT Y 
FOR 77o ALLOWABLE LOSS 

I 

DETERMINE MAXIMUM DENSITY AND OPTIMUM MOISTURE 
CONTENT OF SOIL-CEMENT MIXTURE AT THIS CEMENT CONTENT 

I 
CALCULATE CEMENT REQUIREMENT, PERCENT BY VOLUME,FROM 

PERCENT BY WEIGHT VALUE AND MAXIMUM DENSITY 

MOLD COMPRESSIVE STRENGTH SPECIMENS AT INDICATED CEMENT 
CONTENT AND ±27o,AND TEST TO INSURE SATISFACTORY HARDENING 

Figure 85. Flow sheet: short-cut method, using surface area to determine cement re
quirements of pla s t i c s o i l s containing less than percent s i l t (200-mesh sieve to 

0,005 mm) (50). 

1. Dry duplicate small samples (about 1 gram each) of the passing 40-mesh frac
tion of the soil at 110 C in aluminum foi l dishes, and weigh to 0.0002 gram on an an
alytical balance. 

2. Add 10 ml of a dilute (2 percent) water solution of glycerol to the sample, and 
swirl the container gently to mix the contents. 

3. Heat at 110 C (± 3 C) in an oven containing a supply of glycerol to provide a 
source of free glycerol vapor in the oven chamber; under these conditions glycerol in 
excess of a monomolecular layer and water are both removed. 

4. Reweigh after equilibrium has been attained, normally after overnight heating; 
the gain in weight over the original oven-dry weight of the sample is due to the mono-
molecular layer of glycerol absorbed on both the internal and external surfaces; the 
absorbed glycerol is expressed as a percentage of the 100 C dry weight of the soil. 

A distinction must be made between that portion of the glycerol retained on exter
nal surfaces of all clay minerals and that retained on internal surfaces of expanding 
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minerals such as montmorillonite and vermiculite. On the internal surfaces both the 
top and bottom of the monomolecular layer of glycerol are in contact with clay sur
faces. On the outside of the particles, however, only one side of the monomolecular 
layer is in contact with clay surface. Therefore, a given amount of glycerol on inter
nal surfaces accounts for twice as much clay surface area as the same amount would 
if it were on external surfaces. 

To make this distinction, a second determination is required. This is accomplished 
by determining the percentage of glycerol retained by replicate samples previously 
heated to 600 C, the glycerol retention being determined by the same procedure as 
previously described. Heating to 600 C normally collapses and irreversibly closes 
the internal spaces and thus renders them inaccessible to glycerol molecules. The dif
ference between the original percentage of glycerol retained and that retained after 
heating to 600 C is attributable to internal surfaces; the percentage measured after 
this preliminary heating is due to external surfaces only. 

Based on X-ray diffraction evidence concerning the thickness of a monomolecular 
layer of glycerol, it has been shown that one-hundredth of a gram of glycerol covers 
35.3 square meters of internal clay surfaces; thus a glycerol retention of 1 percent 
on internal surfaces corresponds to 35.3 mVg. One square meter per gram is equal 
to 4,882 sq f t per pound. Similar deductions indicate that a retention of 1 percent of 
glycerol on external surfaces corresponds to a specific surface of 17.65 m / g . 

For the soils used in this study the surface area value of the whole soil was com
puted by multiplying the surface area found for the passing 40-mesh fraction by the 
percentage of the whole soil which passes the 40-mesh sieve. The surface area of the 
particles coarser than 40 mesh is so small as to be negligible. A hypothetical exam
ple of these computations is as follows: 

Glycerol retention of passing 40-mesh fraction: 3. 50 percent 
Glycerol retention of same after preliminary 600 C heating: 1.50 percent 
Retention due to external surfaces: 1.50 percent 
Retention due to internal surface: 3.50 percent - 1.50 percent = 2.00 percent 
Indicated surface area of passing 40-mesh fraction: 

External: 1.50 x 17.65 = 26.5 m'/g 
Internal: 2.00 x 35.3 = 70.6 mVg 

Total 97.1 mVg 
Percentage of whole soil passing 40-mesh sieve: 65 percent 
Surface area of whole soil: 97.1 mVg x 0.65 = 63.1 mVg 

If the surface area determination method is to be used to predict cement requirements, 
it should be accompanied by compressive strength tests performed on small specimens 
made at or near the predicted cement requirements to insure that an adequate rate and 
amount of hardening does take place. Inasmuch as the work to date has been correlated 
with the freeze-thaw test, i t is suggested that specimens 2 in. in diameter by 2 in. high 
or specimens 2.8 in. in diameter by 5.6 in. high be made, one set tested after 7 days 
moist cure, another set tested after 14 days moist cure, and a third set tested in com
pression after 7 days moist cure plus 7 days immersed in water. British experience 
with clay soils (44) has indicated that the comparison of the 7-day and 14-day moist 
cured specimen strengths with those after 7 days moist cure plus 7 days immersion 
are good indicators of performance of clayey soil-cement mixtures. 

Silty Soils.—No acceptable short-cuts have been developed for silt clay soils having 
more than 45 percent silt sizes by weight, for regions where freezing of soil-cement 
occurs. Where freezing does not occur, the wet-dry test may be applied as the c r i 
terion of acceptability, or the compressive strength procedure described in the preced
ing paragraph may be used as a guide. 
Testing and Mix Design for Soil-Cement for Very Small or Emergency Projects 

General. —For very small or emergency projects, where complete testing is neither 
economical nor feasible, the following procedure is suggested: 

1. Determine the maximum density and optimum moisture content for the soil-ce
ment mixture. 
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2. Mold specimens for inspection of hardness. 
3. Inspect specimens as curing progresses using the "pick" and "click" procedures. 
The moisture-density test is made in accordance with Standard AASHO Method T 

134 or ASTM D 558 ii testing equipment is available. If not, a section of a 2-in. di
ameter fil led-in gas pipe weighing 5.5 lb and a No. 2% tin can can serve in an emergency. 
Maximum density and optimum moisture content are determined at 12 percent cement 
by weight using the standard procedure or a modified procedure (10). Optimum mois
ture content and maximum density are determined by "feel." When squeezed, soil-
cement at optimum moisture content wil l stick together when it is handled. 

Specimens are molded as nearly as possible in accordance with standard methods 
and generally contain 10, 14 and 18 percent cement by weight. They are stored in an 
atmosphere of high humidity for hydration. After two days hardening and after three 
hours immersion in water, the specimens are inspected by "picking" with a sharp 
pointed instrument and by sharply "clicking" each specimen against a hard object such 
as concrete to determine their relative hardness when wet. 

"Pick" Test. — In the pick test, the specimen is held in one hand and a relatively 
sharp-pointed instrument, such as a dull ice pick, is lightly jabbed into the specimen 
(or the end of a specimen molded in a can) from a distance of 2 or 3 in. If the speci
men resists this light picking, the force of impact is increased until the pick is strik
ing the specimen with considerable force. Specimens that are hardening satisfactorily 
wil l definitely resist the penetration of the pick, whereas specimens that are not hard
ening properly wil l offer little resistance. To pass the pick test, a specimen that is 
not more than 7 days old and that has been soaked in water must prevent the penetra
tion of the ice pick, which is under considerable force, to a distance greater than a-
bout Vs to V4 in. 

"Click" Test. —The click test is then applied to water-soaked specimens that are 
apparently hardening satisfactorily and that have passed the pick test. In the click 
test, the specimens are held perpendicular to each other and about 4 in. apart, one in 
each hand. They are then lightly clicked together a number of times, the force of im
pact being increased with each click. Specimens that are hardening satisfactorily wil l 
click together with a "ringing" or "solid" tone. As the force of impact is increased, 
one of the specimens may break transversely even though it is hardening adequately. 
The internal portion of a satisfactory specimen should then pass the pick test. Once 
two or three hard specimens are obtained they may be saved and one may be used in 
the click test with a soil-cement specimen of a soil in the process of being tested. 

When a poorly hardened specimen is clicked with a satisfactory specimen, a dull 
sound is obtained rather than the solid sound obtained with two satisfactory specimens. 
After the f i rs t or second click the inferior specimens wil l generally break and its in
ternal portion wil l not pass the pick test. 

At the time the click test is made, the age of the specimens must be taken into ac
count. For instance, specimens that are not properly hardened at an age of 4 days 
may be satisfactorily hardened at an age of 7 days. 

These pick and click procedures are then repeated after drying out the specimens 
and again after a second soaking in order to test their relative hardness at both ex
tremes of moisture content. 

There is a distinct difference between satisfactorily hardened soil-cement speci
mens and inadequately hardened specimens. Even an inexperienced tester wi l l soon 
be able to differentiate between them and to select a safe cement content to harden the 
soil. It is important to remember that an excess of cement is not harmful but that a 
deficiency of cement wi l l result in inferior soil-cement. 

If the 10 and 14 percent specimens are apparently hardening satisfactorily and com
pression test data are favorable, the project can immediately be started using a ce
ment content of 12 percent by volume. If the quantities of cement available for con
struction are limited and if the 10 percent cement specimens are hard and have good 
compressive strength, additional specimens should be molded at 8 percent cement, 
be permitted to hydrate and then be tested in the same manner as the other specimens. 
If the 8 percent cement specimens are satisfactorily hardened, the cement content be
ing used in construction can be reduced to 10 percent. 
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Should a 10 percent specimen be comparatively soft at 4 days hydration, while the 
14 and 18 percent specimens are hardening satisfactorily, construction should be 
started using 16 percent cement by volume until additional data are obtained. 

Additional Tests Used for Determining Cement Factors. — Tests other than those de
scribed that have been used in the determination of cement factors for cement-treated 
soil mixtures intended to have properties approximately similar to those of soU-cement 
are given in Table 28, which also gives references to methods for the shear test (141), 
the CBR test (22, 23, 44) and variations in the unconfined compression test that include 
testing cylinders lying on their side—the Brazilian test (36)—as well as variations in 
sizes of specimens, time, and method of curing. 
Criteria for Soil-Cement 

General. —Criteria used to control the quality of soil-cement depend on the nature of 
the soils and the tests used for mix design purposes. For sandy soils that permit the 
use of short-cut methods, the cement requirements are determined directly by the test 
procedures given under "Short-Cut Methods for Determining Cement Requirements for 
Sandy Soils" (49). For other soils tested in accordance with standard AASHO and AS-
TM methods or other methods there are limiting test values that are used as a basis 
for determining cement requirements. 

TABLE 30 
CEMENT REQUIREMENTS BY AASHO SOIL GROUPS^ (10) 

Estimated Cement 
Content and That 

Usual Range Used m the Cement Content 
AASHO in Cement Moisture-Density for Wet-Dry and 

Soil Requirement Test Freeze-Thaw Tests 
Group r/o by vol) (7o by wt) (% by wt) (% by wt) 
A - l - a 5-7 3-5 5 3-5-7 
A - l - b 7-9 5-8 6 4-6-8 
A-2 7-10 5-9 7 5-7-9 
A-3 8-12 7-11 9 7-9-11 
A-4 8-12 7-12 10 8-10-12 
A-5 8-12 8-13 10 8-10-12 
A-6 10-14 9-15 12 10-12-14 
A-7 10-14 10-16 13 10-13-15 

*For dark gray to gray A-horizon s o i l s . increase the above cement contents four percen-
tage points, for black A-horlzon s o i l s six points. 

PCA Criteria for Determining Cement Requirements.—Criteria for determining ce
ment requirements originally established by the Portland Cement Association in 1940 
(28), and verified by Highway Research Board committee action in 1943 (72), remain 
essentially unchanged (30, 75) after performance and condition surveys throughout the 
United States and Canada and from outdoor weathering studies. The following limiting 
test values are suggested to produce soil-cement of satisfactory strength and durabil
ity: 

1. Soil-cement losses during 12 cycles of either wet-dry or freeze-thaw test by the 
ASTM-AASHO methods shall be within the following limits: Soil Group A- l - a , A - l - b , 
A-3, A-2-4 and A-2-5, not more than 14 percent; Soil Group A-2-6, A-2-7, A-4 and 
A-5, not more than 10 percent; Soil Group A-6, A-7-5 and A-7-6, not more than 7 
percent. 

2. Maximum volume change during either the wet-dry or freeze-thaw test shall not 
exceed the volume at the time of molding by more than 2 percent. 
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3. Maximum moisture content during either the wet-dry or freeze-thaw test shall 
not exceed that quantity that wil l completely f i l l the voids of the specimen at the time 
of molding. 

4. Compressive strengths shall increase with age and cement content in ranges of 
those producing results meeting requirements 1, 2 and 3 above. 

These criteria usually require cement contents of the order given for the various 
soil groups in Table 30. Average values of cement contents required for B- and C-
horizon silty and clayey soils are related to density as is shown in Figure 86. Appli
cation of these criteria to various natural 
and artificially produced miscellaneous 
materials has resulted in the average ce
ment requirements given in Table 31. 

California and Texas Criteria for De
termining Cement Requirements. — Cali
fornia Division of Highways Standard 
Specifications (1960) for Class A Cement-
Treated Base (150) require that the ma
terial shall be of a quality such that when 
mixed with portland cement in amounts 
not to exceed 5 percent by weight of dry 
material and compacted at optimum mois
ture content, the compressive strength 
shall be not less than 750 psi at 7 days. 
Cement requirements shall be between 
2)% and 6 percent by weight. For Class 
B, the addition of cement not to exceed 4 
percent by weight shall produce a strength 
of not less than 400 psi at 7 days. Ce
ment requirements for Class B shall be 
between 2̂ /2 and percent by weight. 

The Texas Highway Department uses 
the unconfined compression test and the 
punching shear test (141) to provide c r i 
teria for cement requirements. The 
compression test is performed on cylin
ders 6 in. in diameter and 8 in. high, us
ing the total material, compacted at opti
mum moisture content under a compactive effort of 6.63 f t - lb per cubic inch, moist 
cured for 7 days, and immersed in water for 2 hours prior to testing. The punching 
shear test is made on soils passing the No. 40 mesh sieve. Approximately 8,000 
grams of material are used to mold five specimens. Compaction procedure is equiva
lent to that of AASHO T 99. Specimens are moist cured 7 days subject to capillary ab
sorption after the age of 2 hours. They are then tested in punching shear using a 1-in. 
ram over a 3-in. orifice. Tests have shown that a punching shear value of 2,000 lb 
or more wil l have a soil loss of 10 percent or less when tested by the standard ASTM-
AASHO durability methods. A 2,000-lb punching shear value is considered adequate 
for cement stabilization. A compressive strength value of 700 psi correlates with a 
2,000-lb punching shear value for minus No. 40 mesh sieve soil. 

British Criteria for Determining Cement Requirements. —In the United Kingdom the 
stabilized material is required to have an unconfined compressive strength exceeding 
a specified minimum value and to a minimum loss in compressive strength, when sub
jected either to immersion in water or to alternate freezing and thawing, that does not 
exceed some specified maximum percentage of the compressive strength when cured 
at constant moisture content. (Discussion of reference 66 by D.J. Maclean, Head of 
Soils Section, Road Research Laboratory, Harmondsworth, England, December, 1959.) 

A minimum unconfined compressive strength of 250 psi at 7 days has been used 
successfully to design soil-cement for bases of light-traffic roads, but for heavy-traf-

5 10 15 20 
PER CENT CEMENT BY WEIGHT 

Figure 86. Average cement requirements for 
B - and C - horizon s i l t and clay s o i l s 

(10). 
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flc roads, the results obtained from the performance of special e:q)erimental road 
sections indicate that a material with a minimum strength of the order of 400 psi at 7 
days is probably required. (Discussion of reference 66 by D.J. Maclean, Head oi. 
Soils Section, Road Research Laboratory, Harmondsworth, England, December, 1959.) 
A soil-cement mixture designed on the basis of the unconfined compressive strength 
criterion shall have Rf and R̂  index values (see discussion under "British Standard 
Test Methods") equal to or greater than 80 percent (36). If this percentage is not ob
tained, the cement content of the mixture shall be sufficiently increased to meet the 
durability criterion. 
Soil Requirements for SoU-Cement 

Nearly al l soils can be hardened with portland cement. The general suitability of 
soils can be judged before they are tested, on the basis of their gradation and their 
position in the soil profile. On the basis of gradation, soils for soil-cement construc
tion can be divided into three broad groups: 

1. Sandy and gravelly soils, sands and gravels, crusher run limestone, caliche, 
limerock, and almost all granular materials are hardened with low cement contents if 
they contain 55 percent or more passing the No. 4 sieve and 100 percent passing the 
3-in. sieve. Well-graded materials may contain up to about 65 percent retained on 
the No. 4 sieve and have sufficient fines for adequate hardening. Sandy and gravelly 
soils with about 10 to 35 percent silt and clay sizes have the most favorable character
istics for stabilization and require the lowest cement contents. These soils can be 
handled in construction under a wide range of weather conditions. 

TABLE 31 
AVERAGE CEMENT REQUIREMENTS FOR MISCELLANEOUS MATERL\.LS (10) 

Estimated Cement 
Content and That Cement Content 

Used in for Wet-Dry and 
Type of Moisture-Density Freeze-Thaw 

Miscellaneous Test Tests 
Material (% by vol) r/o by wt) (% by wt) 

Shell soils 8 7 5-7-9 
Limestone screenings 7 5 3-5-7 
Red-dog 9 8 6-8-10 
Shale or disintegrated shale 11 10 8-10-12 
Caliche 8 7 5-7-9 
Cinders 8 8 6-8-10 
Chert 9 8 6-8-10 
Chat 8 7 5-7-9 
Marl 11 11 9-11-13 
Scoria (containing + No. 4 

material) 12 11 9-11-13 
Scoria (Minus No. 4 mate

rial only) 8 7 5-7-9 
Air-cooled slag 9 7 5-7-9 
Water-cooled slag 10 12 10-12-14 

2. Beach and some other water-laid sands, and glacial and wind-blown sands that are 
deficient in fines are productive of good quality soil-cement but require slightly great
er cement contents than do the soils of Group 1. 

3. Generally silty and clayey soils produce satisfactory soil-cement. The more 



97 

clayey the soil, the more difficult to pulverize and the higher the cement requirement. 
Clay soils having clay contents (finer than 0.005 mm) in excess of 35 percent, liquid 
limits in excess of 50, and plasticity indices in excess of 25 are difficult to pulverize 
and may require cement contents that make them uneconomical to construct (55, 72, 
151, 152). When soils have clay contents and plasticity values in excess of these l im
its they should be carefully investigated prior to construction. 

Specification Field Control Factors for Soil-Cement. — The essential field control 
factors derived f rom testing for mix design are: (a) Cement content, (b) Optimum 
moisture content, and (c) Maximum density. In addition to these factors that are in
cluded in specifications, the laboratory 7-day compressive strength values serve as a 
basis for judging the degree of mixing when specimens molded from the field mix are 
similarly compacted into specimens and cured and tested. In the case of Cement-
Treated Base, the compressive strength is also a specification control factor. 
Testing and Mix Design for Cement-Modified Granular Soils 

The nature of the tests and the criteria derived from those tests depend on the pur
pose of the modification. Cement-modified granular soils are used for the following 
purposes as base and subbase courses: 

1. To prevent pumping (erosion) under rigid-type pavements. 
2. To prevent traffic densification under flexible-^pe pavements and at joints un

der rigid-type pavements. 
3. To reduce volume change (shrink or swell) of plastic granular types for bases 

for rigid- or flexible-type pavements. 
4. To increase the bearing capacity of bases for either flexible- or rigid-type pave

ments. 
5. To provide a stable foundation for paving operations. 

Criteria for determining the cement contents for certain limiting behavior characteris
tics have not been developed for cement-modified granular soils. Therefore the engi
neer must by use of strength tests, shrink or swell measurements and other applicable 
tests, determine the minimum cement requirements that wi l l insure the performance 
expected. The nature of cement-treated granular soils is mentioned under "Properties 
of Cement-Treated Soil." The following remarks pertain to current practices. 

It should be remembered that hardened soil-cement can also be used for a l l of the 
aforementioned uses of cement-modified granular soils. Hardened soil-cement repre
sents a superior material and generally requires the use of only a small additional a-
mount of cement. The use of soil-cement should be investigated whenever cement 
treatment is considered. 

Cement Requirements to Prevent Pumping of Rigid-Type Pavements.—The purpose 
of cement modification is to prevent erosion of and ejection of material at joints by the 
pumping action of slabs. Cement-modified granular mixtures have been proved satis
factory for this purpose. Cement requirements need to be adequate to prevent deterior
ation by water and erosion forces. No standard test has been devised that wi l l yield 
mix design criteria; experience must be used as a guide. 

In California (109, 150, 153, 154) cement-treated bases ranging in quality from that 
of light cement-modification to that equivalent to soil-cement have been used under 
rigid-type pavements. Where traffic is e3q)ected to develop more than 50 million 5,000-
Ib wheel loads (EWL) in traffic lanes during the f i rs t ten years of service, the Cement-
Treated Base mixture must provide a minimum compressive strength of 750 psi at 7 
days. (This equals the requirements for Class A CTB that requires from 3% to 6 per
cent cement by weight and is equivalent to soil-cement.) Where less than 50 million 
EWL are expected, the cement required must provide a compressive strength of 400 
psi at 7 days. (This is equivalent to Class B CTB that normally requires 2 / 2 to 
percent cement by weight.) 

Texas practice on the Houston Expressway (17) called for 9 percent cement by vol
ume for a sand-shell material. This resulted in hardened soil-cement. 

Cement Requirements to Prevent Traffic Densification in Flexible-Type Pavement 
Bases. —Researches are under way (153, 154) for types of granular materials that in 
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the untreated state are subject to increased compaction and rutting in flexible-type 
pavements to determine minimum cement requirements and moisture-density controls 
that wi l l prevent the occurrence of detrimental densification under traffic. Data are 
not yet available that wi l l serve as reliable criteria for determining cement require
ments. 

Cement Requirements to Reduce Volume Change and to Increase Bearing Capacity. — 
Because these soil properties vary for different soils and because the degree of control 
desired also varies, definite criteria cannot be established. In practice, cement con
tents of the order of 2 to 5 percent by weight usually reduce the plasticity of granular 
soils having indices of the order of 10 to 15 to values of the order of five or less, and 
control sweU or shrink within limits desirable for providing smooth-riding pavements. 
The same range of cement content usually also increases the bearing capacity to equal that of 
high quality crushed gravel or crushed stone base courses. The behavior of cement-
modified soils can be determined by the use of CBR or compressive strength tests and 
volume change tests, and is indicated in some degree by plasticity tests on the repul-
verized fine-grain soil fraction. The tests that may be used are indicated in Tables 
28 and 29. 

Properties of cement-modified soils have been discussed under "Properties of Ce
ment-Treated Soil" and "Factors Influencing Properties of Cement-Treated Soil." 

Soil Requirements. —Soils for cement-modified granular soil mixtures are those of 
the A - 1 , A-2, and A-3 AASHO Groups that have not more than 35 percent passing the 
No. 200 mesh sieve. These soils usually have plasticity indices of 15 or less. Soils 
of the other AASHO Groups are considered for treatment under cement-modified silt-
clay soils. 

Field control factors include cement content, optimum moisture content and maxi
mum density. They may also include other supplementary factors as are needed for 
the control of construction. 
Testing for Mix Design for Cement-Modified Silt-Clay Soils 

Cement-modified silt-clay soils have been used experimentally in studies of means 
for preventing pumping and to control swell and shrink in high volume change, plastic 
clayey soils (22, 27, 30, 33, 35, 111, 153, 154, 155, 156) and to improve the stability 
of wet silt subgrades '(TBsyT Clayey soils, either hardened or modified with cement 
have not been proved satisfactory as a subbase to prevent pumping based on the per
formance of experimental projects (154, 156) and further research is needed to define 
limiting conditions of soil type, climatic conditions, pavement design, and traffic types 
and volumes. However, hardened soil-cement has proved satisfactory when made with 
the better A-4 soils or the granular soils. Volume change can be controlled in clayey 
subgrade soils by cement treatment. The proportion of cement needed can be deter
mined by experienced engineers by means of simple swell and shrink tests of the com
pacted and cured cement-treated mixture (see Tables 28 and 29). 

Cement also can be used to increase soil bearing value in amounts ranging upward 
to that for soil-cement or more, depending on the cement content used. Design for 
bearing value can be controlled by strength tests. An indication of the lasting proper
ties of the treatment can be obtained from standard wet-dry and freeze-thaw tests. 

The influence of cement admixtures on the nature of clayey soils is given under 
"Properties of Cement-Treated Soil" and "Factors Influencing Properties of Cement-
Treated Soil." 

Soils for cement-modified silt and clay soils include all types normally used in con
struction that are not included under cement-modified granular soils. Cement treat
ment of highly organic and peaty soils is not suggested. 

Field control factors include cement content, optimum moisture content, and maxi
mum density. They may also include supplementary factors as are needed for the con
trol of construction. 
Testing and Mix Design for Plastic Soil-Cement (95, 97, 98, 114, 115) 

Cement Requirements.—Plastic soil-cement is used in lining flumes, roadside 
ditches, drainage channels, irrigation canals, and in sacks as sacked rip-rap. It is 
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produced by increasing the water content of the mixture above optimum to obtain a 
consistency similar to that of plastering mortar. Increasing the water content in
creases the cement requirement. The cement requirements for plastic soil-cement 
are usually about four percentage units greater than those for compacted soil-cement. 
For example, i f , for a given sandy soil, 8 percent cement by weight is required for 
soil-cement, about 12 percent by weight would be required for satisfactorily hardened 
plastic soil-cement. 

In performing the laboratory tests the plastic moisture content is usually determin
ed using 12 percent cement by weight and the wet-dry and freeze-thaw specimens are 
then molded at 10, 12 and 14 percent cement by weight. 

The proportions of soil and cement for making the moisture-density relations test 
on the plastic mixture, as well as for making the computations to determine the mois
ture content and density, are determined in the same manner as for soil-cement, ex
cept that an allowance for soil for only one sample wil l be needed. Also the weight 
per cubic foot is about 15 pcf less than the maximum density of the compacted soil-ce
ment mixture at optimum moisture content. 

The moisture content of a plastic soil-cement mixture is determined by adding and 
mixing increments of water with the soil and cement mixture until the desired plastic 
consistency is reached. The mixture is then placed in a moisture-density mold; each 
layer is compacted by rodding with a %- in . bullet-nosed rod or with the fingers. The 
mold containing the mixture is then dropped three times on a f i r m foundation from a 
height of 1 f t to remove large air voids in the mixture. A moisture sample is obtained 
from the mixture at the time the second layer is being placed. The percentage of 
moisture and the wet weight of the specimen provide data for computing the plastic 
moisture content and the dry density. Only one tr ial furnishes all data needed for de
sign of the test specimens at the plastic consistency. It is not necessary to plot a 
moisture-density curve. 

Wet-dry and freeze-thaw test specimens are then molded in well-greased molds in 
the range of the estimated cement content, using the same procedure as described for 
making the plastic moisture-density specimen. The specimens are left in the molds 
overnight to permit their removal without distortion. The computations for determin
ing the quantities of soil, cement and water needed for each specimen and the compu
tations for checking molded specimens are similar to those for compacted soil-cement 
mixtures. The specimens are subjected to the standard wet-dry and freeze-thaw tests 
described in AASHO and ASTM methods. Brushing losses are computed in the same 
manner as for compacted soil-cement. 

The criteria for determining the cement requirements for plastic soil-cement are 
the same as for compacted soil-cement. To provide a surface more resistant to ero
sion i t is suggested that the cement contents required by these criteria be increased 
by two percentage units. For example, when the cement loss in the wet-dry or freeze-
thaw tests indicates 12 percent cement is required, the cement content suggested for 
construction becomes 14 percent. 

Soils Requirements. —The lighter textured non-plastic to moderately plastic loamy 
sands and sandy loams, are most satisfactory for plastic soil-cement. Soils contain
ing more than 30 percent silt and clay sizes are difficult to pulverize and become sticky 
at the plastic moisture content making them difficult to mix and place. The greater 
the sand content the less the shrinkage. However, there is an optimum sand content 
for workability and strength. When practicable, tests should be made to determine the 
best proportions of sand and silt-clay combinations for the nature of the materials. 
Testing and Mix Design for Cement-Treated Soil Slurries for 
Mud-Jacking (116. 117. 118. 159) 

Mud-Jacking Material Requirements. —The suggested requirements for materials 
for cement-treated soil slurries for use in mud-jacking pavement slabs where faulting 
has occurred, or over depressed areas are as follows (159): 

Cement: Type I normal. Type lA air-entraining, or Type IE high-early-
strength cements conforming to Standard Specifications for 
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Portland cement, AASHO Designation M 85 or ASTM Designa
tion C 150. Type lA may be beneficial in reducing separation 
of sand and cement in some of the more lean and more sandy 
slurries. Type HI facilitates pumping operations and reduces 
setting time. 

Water: Should be free from materials that wi l l retard the setting of 
the mix. 

Bituminous Materials: Cut-back asphalts used in slurries should meet 
the following requirements: 
Type Designation for Standard Specification 
RC AASHO M 81 or ASTM D 597 
MC AASHO M 82 or ASTM D 598 
SC Specifications of the Asphalt Institute 

Soils: The range in grain-size distribution of soils that have been 
used in mud-jacking is indicated in Figure 87. Curves 2 and 
3 represent soils containing excess clay making them difficult 
to mix with water and causing jamming in the pump. Curves 
1 and 4 represent soils that have performed satisfactorily. 
Curves 5 and 6 represent soils that have tended toward harsh
ness but formed smooth easy working slurries on the addition 
of hydrated lime. Liquid limits of suitable soils should not 
exceed 35. Soils having sand contents in excess of 50 percent 
can be made workable by admixing lime or bituminous mate
rials to increase fluidity. Cement-treated soil mixtures wi l l 
not shrink appreciably when the shrinkage limit (SL) equals 
or exceeds the moisture content required for fluidity. Soils 
having a volumetric change of less than 10 percent and a l in 
eal shrinkage of less than about 3 percent have performed 
satisfactorily. 

Mixtures: A variety of mixtures have been used that have given good 
results. The two most widely used slurry mixtures are: 

Volumes exclusive of water 
Mix 1 Soil (percent) 60 to 84 

Cement (percent) 16 to 40 
Mix 2 Soil (percent) 77 

Cement (percent) 16 
Cut-back asphalt (SC-2, 

MC-1, RC-3) 7 
In general the amount of water needed to produce a slurry of 
creamy consistency is approximately % the loose volume of 
the other materials used. The slurry should harden at a nor
mal rate. Slow hardening slurries are not suitable. 
Fly ash has been used successfully as a f i l ler . Also mix
tures of f ly ash and about 8 percent cement have been highly 
satisfactory as mud-jack materials (118). 

Mixing Procedure: A satisfactory mixing procedure is as follows: 
1. A soil-water mix is made with only sufficient water to ob
tain a fluid mix. 
2. When bituminous material is used, it (and water as need
ed) are added to obtain a uniform mix. 
3. Cement is added and the mix brought to a consistency that 
can be pumped readily. 
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Testing and Mix Design for 
Cement-Treated Soil Grouts 

Cement-treated soil grouts have been 
used in stabilizing embankments and bal
last on railroads as well as in tunneling 
operations and foundation work to strength
en weak rock, to f iU solution channels 
and seal off water inflow, to f i l l voids in 
soil foundations and increase bearing ca
pacity, to raise settle areas, and to con
solidate soft foundations. 

Grouts Used by Railroads (12fl, l£fl). -
Grouts have generally ranged from 1:1 
to 1:4 (cement to sand) for pneumatic 
work and 1:12 to 1:30 for hydraulic work. 
The cement used has been largely Type I 
although air-entraining cement has been 
found beneficial in reducing separation of 
sand and cement in the slurry, particu
larly with pneumatic equipment. Fly ash 
exhibits some properties of silt and clay and increases "pump ability" of the grout or 
reduces the cement required to produce comparable flow characteristics. Sands used 
in grouts have varied in grading as is indicated in Figure 88. Two sands approaching 
the finer limit were used successfully in proportions of 1:7 without fly ash. One of 
the coarsest sands used in 1:1 proportions is also indicated in Figure 88. Another 
coarse sand mixed in the proportion of one part cement, one part fly ash, and 7 parts 
sand is also indicated in Figure 88. The computations for the curves in Figure 88 are 
based on volumetric proportions. To convert to weight basis, the following weights in 
pcf were used: cement, 94; fly ash, 100; sand, 85. 

Field experience indicates a sand with 100 percent passing a No. 20 sieve and a 
large percentage passing a No. 40 sieve is desirable in facilitating grouting operations. 
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Sands from upper horizons in conifer areas may react unfavorably with cement. The 
use of about 1 percent calcium chloride by weight of cement usually corrects faulty re
action and slow setting. The quantity of water has ranged from 3 to 6 gallons per cu
bic foot of the dry material in the slurry (volume of grout has been computed as the 
sum of the loose volumes of dry materials). 

Asphalt emulsions have been used to aid in lubricating flow and suspending solids. 
Amounts have ranged from 0.1 to 0.2 gal per cubic foot of sand. 
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Figure 89. Soils used i n cement-treated and natural s o i l grouts (122). 

Grouts Used in Strengthening and Sealing Rock and Foundations (121, 122, 162, 163, — 
Cement-treated soil grouts for these varied applications have been described extensive
ly in the literature. Cement has been used with fine sandy loam in mixtures consisting 
of 1 part cement to 2 to 6 parts soil without significant segregation, except in some 
sands. Soils used for this purpose may range from fine to medium sands to lean clays 
as is indicated in Figure 89. When lean clays or silt are used, segregation is not a 
problem. With sand there is a tendency toward segregation and additives have been 
used to control segregation. Figure 89 indicates the grading of the following grouts 
using Portland cement: 

1. A fine sand used in a mixture consisting of one part by volume of cement to eight 
parts sand to which was added one-third part bentonite (121). 

2. A fine sand used with admixtures of the patented products Alfesil and Intrusion 
Aid. The mix varied from 1 part sand and 4 parts cement to 1 part cement and 8 parts 
sand with 1 sack (75 lb) of Alfesil and 2.5-lb Intrusion Aid added to each mix (162). 

3. Soil used in cement-treated soil grouting—no admixtures. 

The Task Committees on Cement Grouting and on Clay Grouting of the Committee 
on Grouting of the Soil Mechanics and Foundation Division of the American Society of 
Civil Engineers recently sponsored publication of nine papers on Cement and Clay 
Grouting of Foundations (123). For further details of the present status of available 
information of Cement and Clay Pressure Grouting of Foundations the following refer
ences in Volume 84, No. SM 1, February 1958, Part 1, "Journal of the Soil Mechanics 
and Foundations Division of the American Society of Civil Engineers" are suggested 
for consultation: 
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Proc. Paper 1544, "Present Status of Pressure Grouting Foundations," by A.W. S i -
monds. 

Proc. Paper 1545, "Grouting with Clay Cement Grouts," by S . J . Johnson. 
Proc. Paper 1546, "The Use of Clay in Pressure Grouting," by G . A . Kravetz. 
Proc. Paper 1547, "The Use of Admixtures in Cement Grouts," by A. Klein and M. 

Polivka, 
Proc. Paper 1548, "Suggested Specifications for Pressure Grouting," by J . P . Elstron. 
Proc. Paper 1549, "Pressure Grouting with Packers," b y F . H . Lippold. 
Proc. Paper 1550, "The French Grouting Practice," by A. Mayer., 
Proc. Paper 1551, "Practice of the Corps of Engineers," by E . P . Burwell, J r . 
Proc. Paper 1552, "Experience of TVA with Clay-Cement and Related Grouts," by 

G. K. Leonard and L . M. Grant. 



Structural Design of Soil-Cement Bases 
There exists no nationally accepted and practiced method for structural design of 

flexible-type pavements (sometimes termed nonrigid type) that consist in part of a soil-
cement base course or subbase course. Accordingly, the information given here cov
ers: (1) a brief statement of general United States practice; (2) the 1949 recommenda
tions of the Highway Research Board Committee on Flexible Pavement Design; (3) State 
Highway Department design procedures that evaluate the load-supporting properties of 
soil-cement bases in terms of thickness requirements; and (4) the results of British 
studies. 

UNITED STATES P R A C T I C E 

Much of the evidence in discussions and reports on flexible pavement design (report
ed by the Highway Research Board Committee on Flexible Pavement Design) indicates 
that soil-cement essentially displays characteristics of a flexible-type pavement, or in 
some cases, of a semi-flexible type (17). Nevertheless, design methods have been 
limited largely to determination of the proper cement content, and thickness design has 
been by arbitrary selection of thickness from within a rather narrow range of thick
nesses; the range of thicknesses being dictated in the past more by capacities of the 
pulverizing and mixing equipment than by the thickness requirements for traffic. Thick
ness requirements have been satisfied by the use of granular subbases and in some in
stances by adjustments in the type and thickness of bituminous surfacing. The general 
practice in mix design has been as follows: 

1. Classify the soil and select several trial cement contents. 

T A B L E 32 

RECOMMENDED THICKNESSES OF S O I L - C E M E N T BASE COURSE FOR 18,000-LB 
A X L E LOADS AND CORRESPONDING RECOMMENDED THICKNESSES OF 

GRANULAR-TYPE STABILIZED BASE COURSES 

Granular-Type 
Subgrade Soil Soil-Cement Base Stabilized Base 
Group Classlf. Course Thickness (in. )^ Course Thickness (in. )^ 

A - l - a 0 0 
A - l - b 5 5 
A-3 5 5 
A-2-4 5 5 
A-2-5 5 6 
A-2-6 5 6 
A-2-7 5 6 
A-4 6 8 
A-5 6 8 
A-6 6 8 
A-7 6 8 

^The BOia-cement thicknesses were recommencLed at that time for highway pavements with 
average t r a f f i c that did not exceed 100 trucks, which range from 5,000-lb gross load 
to l8,000-Ib exle load, per day or a t o t a l of 1,000 vehicles per day including the a-
forementloned truck t r a f f i c . B a s e courses of the thicknesses given i n Table 3k may 
have to he supplemented by subbase \rtien t r a f f i c exceeds the loadings for which the rec-
anmended base courses are Intended. 

20k 
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2. Prepare trial soil-cement mixtures and determine the compaction characteris
tics. 

3. Prepare two specimens at optimum moisture content from each trial mix. 
4. Subject one specimen from each trial mix to the ASTM-AASHO wet-dry test and 

the other to the freeze-thaw test. 
5. Select the percentage of cement by comparing the weight losses in the tests with 

allowable losses. 

Individual variations in the foregoing procedure have been largely in the greater use of 
compressive strength as a criterion of mix quality in some areas and limiting testing 
to the wet-dry test in areas of no base freezing. 

Highway Research Board Committee Recommendations 

In 1949, the Flexible Design Committee (164) recommended the thicknesses of soil-
cement base course given in Table 32. 

California Practice (165) 

The California method of calculating the design thickness of pavement sections based 
on stabilometer and expansion pressure measurements evaluates the cohesive resistance 
of bituminous surfaces and Cement-Treated-Base by means of the Hveem cohesiometer. 
The method evaluates the basement (subgrade) soil by means of expansion pressure and 
Hveem stabilometer determinations. The essentials of the design method are given in 
some details as follows: 

Test Record Form. —Use work card (Form T-361) shown in Figure 90 for recording 
results of calculations. 
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Calculations. —Before any computations for thickness of cover can be made, it is 
necessary to evaluate or assume the cohesiometer value of the cover overlaying the 
material being tested, and the traffic index of the section under consideration. 

Cover material includes subbase, base, and surface courses when the basement 
soil is being considered. Cover would include only base and surface when the subbase 
material is being tested. Similarly, when the base is being evaluated, cover would 
mean the bituminous surface alone. K the cover consists of a single layer, the appro
priate cohesiometer value may be selected from Table 33. 

T A B L E 33 

COHESIOMETER VALUES FOR COMMON PAVEMENT AND BASE MATERIALS (165) 

Cohesiometer 
Type Materials Value 

Cement-Treated-Base, Class A 1,500 
Cement-Treated-Base, Class B 750 
Asphalt concrete with paving grades of asphalt (85 to 300 penetration) 400 
Asphalt concrete with liquid asphalt grades 4 and 5, open-graded 

mixes and road-mix asphalt surfacing 150 
Bituminous surface treatment, Class C Cement-Treated-Bases and 

all untreated bases or subbases 100 

If the cover consists of multilayer construction, the unit cohesiometer value may 
be determined from the procedure and formulas given in the following example: 

Problem. —Determine the cohesiometer value for the 3-layer combination of as
phalt concrete surfacing, Class A Cement-Treated-Base, and aggregate subbase ma
terial. 

Thickness, t Cohesiometer 
Material (in.) Value, c 

Data: 
AC 4 400 
C T B (Class A) 8 1,500 
AS 4 100 

First Step. — Convert the individual thickness of A C , C T B , and AS to their respec
tive gravel equivalents by multiplying the 5th root of the ratio of a layer's cohesion to 
that of untreated material by the thickness of the layer. For example, the gravel e-
quivalent of 4-in. AC would be 

g.e. =5^1^x4 in. =5.28 in. 

Similarly, the gravel equivalent of 8-in, Class A C T B is 13.76 in. and for 4-in, 
AS would be 4 in. The sum of the gravel equivalents of the individual layers (23 in.) 
is the total gravel equivalent for the system. 

Second Step. —Knowing the actual thickness (16 in.) of the system and having com
puted its gravel equivalent, determine the unit cohesiometer value by use of the follow
ing formula: 

C = ^g-Jf-^' X 100 
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in which 
C = unit cohesiometer value, 

.e. = gravel equivalent for system, and 
T = actual thickness of system. 

Thus, for the previous example 

X 100 = 620 

T A B L E 34 

E W L CONSTANTS 

(Alternate methods for determining the unit cohesiometer value for two or more layers 
of surface and base overlying soil material involve the use of Figure 91 or a table that 
accompanies the method.) 

Traffic is expressed in terms of the number of equivalent 5,000-lb wheel loads, 
E W L , in one direction to be expected dur
ing the lO-yr period following construction. 
Calculations involve the multiplication of 
certain fixed constants which convert aver
age daily traffic to yearly traffic in one di
rection (excluding passenger vehicles and 
pickup trucks) for each axle group. 

By taking a summation of the products 
and assuming an additional allowance of 
50 percent for anticipated increase in com
mercial traffic at the end of a lO-yr per
iod, the final design value for the 5,000-
lb E W L repetitions is determined. For 
the purpose of calculating design thick
nesses, the E W L is converted to a traffic 

index by means of the formula on the scale F portion of Figure 91. The foregoing 

Number of Axles Constants 

2 330 
3 1,070 
4 2,460 
5 4,620 
6 3,040 

P R O C E D U R E FOR USE OF C H A R T 

T H E CHART S O L V E S T H E FOLLOW- |. 
ING FORMULA 

^ 0 0 9 5 ( T I ) ( 9 0 - R ) 

' = " 1 ^ 
WITH A S T R A I G H T E D G E I N T E R S E C T 

S C A L E E AT T H E R - V A L U E (R) OF T H E 
SOIL T E S T E D AND S C A L E F AT THE DE
SIGN T R A F F I C INDEX (T l ) S C A L E G IS 
A TURNING POINT ON T H E NOMOGRAPH 
AND INDICATES T H E T H I C K N E S S E S OF 
G R A V E L COVER N E E D E D TO SUSTAIN THE 
DESIGN T l PROVIDING T H E COHESION QF 
THE S U R F A C E L A Y E R S IS N E G L E C T E D 
FROM THE POINT ON S C A L E G I N T E R S E C T 
S C A L E H AT T H E C O H E S I O M E T E R VALUE 
( C ) OF THE L A Y E R S ABOVE T H E M A T E 
R IAL IN QUESTION T H E I N T E R S E C T I O N 
WITH S C A L E I D E T E R M I N E S T H E R E 
Q U I R E D T H I C K N E S S ( T ) ( C O R R E C T E D FOR 
T H E COHESION OF T H E S U R F A C E AND/OR 
B A S E ) OF COVER M A T E R I A L N E E D E D TO 
P R E V E N T P L A S T I C DEFORMATION OF 
T H E S O I L T E S T E D 

E X A M P L E 

GIVEN 
R - V A L U E OF A SOIL = 21 
E W L = 19,200,000 (Tl = 8 7) 
C O H E S I O M E T E R VALUE ( C ) = 6 2 0 " 

" S E E B - l FOR METHOD OF C A L C U 
L A T I O N 

ANSWER 
T H I C K N E S S OF COVER (T) = I6IN 

16 o a: 

uj u u 

coo 
28 m 

o i r 
o q : 

Figure 91. Design chart for thickness of increments of pavement structure (l6$), 
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method of calculation is illustrated in the following example: 

No. of Axles E W L Constants Current ADT Product 
2 330 X 774 255,000 
3 1,070 X 212 227,000 
4 2,460 X 68 167,000 
5 4,620 X 118 545,000 
6 3,040 X 112 340,000 

Total Annual EWL Repetitions 1,534,000 

From this example: 

10 X 1, 534,000 X g = 19.2 million E W L 

Converting to Traffic Index: 19.2 million E W L = 8.7 T . I . 

Knowing the cohesiometer value of the cover material and the estimated traffic in
dex for the road, use the design chart (Fig. 91) to determine the "thickness indicated 
by stabilometer" corresponding with the R-value of each specimen, and record these 
data on the work card shown in Figure 90. 

The R-value by exudation pressure (300 psi) is interpolated by using the graph pro
vided in Figure 92. Plot the thicknesses in inches indicated by the stabilometer for 
each specimen against the corresponding exudation pressure. Then determine the 
thickness at the intersection of the curve connecting the points with the 300-psi line, 
and convert to R-value using the design chart (Fig. 91). 

For an example, refer to Figure 92. The thicknesses as calculated (using the co
hesiometer value of 620 and traffic index of 8.7) from the individual test R-values, are 
plotted using the thickness scale at the left edge of the graph. It is noted that the curve 
crosses the 300-psi exudation line at a cover thickness of 14 in. It might be well to 
mention at this point, that the design chart (Fig. 91) can be used in either direction to 
solve either for R-value or for thickness. For instance, it is usually necessary to 
know the R-value for the conditions represented by the 14 in. of cover. Use a straight
edge and intersect scale I at the value of 14 in. of thickness and scale H at the cohesio
meter value of 620. Hold the point of a pencil at the intersection of the straightedge 
with scale G. Pivot the straightedge about this point and intersect the traffic index of 
8.7 on scale F . The intersection of the straightedge with scale E then indicates an R-
value of 29 for the given conditions. For the purposes of this example the 29 R-value 
is recorded on the work card as R-value by exudation pressure. 

To determine the R-value by expansion pressure it is first necessary to calculate 
the thicknesses of cover required by expansion pressure for each specimen from the 
dial readings recorded on the work card. For design purposes the unit weight of cov
er is assumed to be 130 pcf. The expansion pressure devices are so calibrated that 
it is only necessary to divide the dial readings by two to obtain the cover thicknesses 
on the basis of this assumed unit weight. (For those who desire to determine the ac
tual expansion pressure in psi, multiply the dial reading by 0.038.) ff, in special in
vestigations where more accurate information is available, it is desired to use a dif
ferent unit weight of cover material, then the cover thicknesses may be determined 
from the chart in Figure 93. The determination of the R-value by expansion pressure 
is accomplished by first plotting thickness indicated by the stabilometer against thick
ness indicated by expansion pressure on the graph in Figure 92. Then note the thick
ness value at which the curve connecting the points crosses the 45-deg balance line. 
Convert this thickness to R-value with the design chart (Fig. 91) and record. 

The R-value at equilibrium is established by taking the lowest value of the forego-
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Test No 6 0 - 9 9 4 
T E S T S P E C I M E N SP GR F I N E C O A R S E 

Date Tested 3 - 2 2 3 - 2 2 3 - 2 2 A s R e e d 

CompoctorAir Pres s - p s i 21 21 21 Crushed 

Init ial Moisture • 7 5 7 5 7 5 L L 

Water Added - m l 150 160 190 

P L 

Water Added - % 13 4 1 4 3 170 
PI x % 2 0 0 

Moisture at Conipac1ion-% 2 0 9 2 1 8 2 4 5 

Wet Wt of B r i q u e t t e - 6 r 1009 1013 9 9 6 

Ht of B r i q u e t t e - I n 2 4 8 2 5 0 2 5 4 

Density - pcf 102 101 9 5 

Stabi lomeferPHat lOOOIb 39 46 6 0 

As Rec d 

Crushed 

Combined 

100 Rev 

5 0 0 Rev 

20001b 6 8 8 2 133 
W S T 

P I S p e c 
Max 

Spec 

Spec 

Spec 

Spec. 

Spec 

S p e c 

Spec 

Displacement 3 0 0 3 15 3 2 0 
Subbase 4 A S 

R - V a l u e 5 3 4 3 14 
B a s e 8 C T B C l a s s A 

Exudation Press - psi 6 0 0 4 5 0 170 
S u r f a c e 4 A C 

Stab Thick - In 8 6 10 9 175 
Cohesion Value 6 2 0 

Expansion Press 3 3 13 
T r o f f i c Index 8 7 

E x p a n Pres s Thick - In 16 5 6 5 
»l By E x u d Press 39 

Material Descr ipt ion 

Basement S o i l 

By Expan Press 4 8 

1̂1 At E q u i l 29 Spec 

Cover for Above Cond 14 0 

111 X o 

a: 
UJ 
I -
UJ 

O -J 
CD 

> 
m 
(0 
tn 
hi z ̂ o I 
I -

UJ 

i 

8 0 0 
E X U D A T I O N P R E S S U R E - P S I 

6 0 0 4 0 0 2 0 0 

T H I C K N E S S B Y S T A B I L O M E T E R V S 
T H I C K N E S S B Y E X P A N S I O N P R E S S U R E 2 0 

I 

T H I C K N E S S B Y S T A B I L O M E T E R 
VS E X U D A T I O N P R E S S U R E 

I N C H E S 

100 

9 0 

8 0 

7 0 

6 0 

5 0 
HI 

4 0 _J 
< 
> 

3 0 

2 0 

10 

0 

8 12 16 2 0 2 4 

C O V E R T H I C K N E S S B Y E X P A N S I O N P R E S S U R E -

Figure 92. ( l65) . 

ing two R-values and the cover required corresponds to the R-value selected. 
It is often convenient to express the thickness of cover determined from the R-value 

test in terms of the gravel equivalent as a temporary expedient (when the types of cover 
materials to be used are either unknown or uncertain). The gravel equivalent, as the 
name implies, is the thickness of gravel required to support a given load, and is based 
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on a cohesion value of 100 for the cover 
material. One of the principal advanta
ges in using the gravel equivalent is that 
it indicates to the designer what maxi
mum thicknesses will be required to 
meet the conditions of the soil and traffic 
of the proposed project. Inasmuch as 
100 cohesion is the lowest value used for 
design purposes, use of 100 will result 
in the determination of the highest thick
ness requirements for a given R-value 
and traffic index. Likewise, any subse
quent increase in the cohesion will a l 
ways reduce the design thickness require
ment. The process of determining the 
gravel equivalent from the design chart 
(Fig. 91) merely consists of intersecting 
the R-value at equilibrium on scale E and 
the traffic index on scale F with a straight
edge and reading its point of intersection 
of scale G. 

BRITISH STUDIES 

EXP PR PSI = Cd X DIAL READING 
Cd = DEFLECTION COEFFICIENT • 0038 

DIAL READING 

Figure 93. Thickness of cover by expansion 
pressure test for various unit weights of 

cover (16$). 

British studies (44, 55, 166, 167, 168) 
of in-service behavior of soil-cement 
have resulted in the concept that soil-ce
ment should be considered as a flexible 
type and that both mix design and struc
tural design should be carried out accord
ingly. Soil-cement exhibitir^ a field-compressive strength of 250 psi will have a mod
ulus of rupture of about 50 psi. That low bending strength is not sufficient to permit 
the material to act as a rigid material unless the pavement has great thickness. Rela
tively thin pavements will crack. When the cracks are closely spaced, interfacial 
friction is developed across the crack opening, and the material has shear strength 
and acts like interlocked pieces of a three-dimensional jig-saw puzzle. When the com
pressive strength is high, for example 1, 500 psi, cracks are farther apart and the 
pavement tends toward discrete slabs with little or no shear strength between them. 
This reasonii^ is further tested by applying the Westergaard method of rigid pavement 
design. For example, a subgrade having a modulus, k, of 100 psi per in . , would, by 
the Westergaard method, require a thickness of 24 in. of soil-cement for a wheel load 
of 9,000 lb (166). In practice, a 6-in. thickness has been found adequate to carry that 
wheel load for British conditions. 

British military engineers have investigated the applicability of the shear strength 
method of design for cohesive subgrades, AG, having a strength essentially indepen
dent of the overburden pressure. In this method, the shear strength of the subgrade 
soil is compared with the maximum shear stress induced at any depth by a given wheel 
load and tire pressure as determined by the theory of elasticity. A thickness of soil-
cement is selected such that at any depth greater than the base thickness, the induced 
shear stresses are less than the shear strength of the subgrade. This method has 
proved satisfactory for the design of pavement over very weak subgrades. British 
engineers have also investigated relationship between CBR and compressive strength 
of soil-cement mixtures. That has been discussed in part under "Properties of Ce
ment-Treated Soil" and indicates a possibility of the use of that method provided ap
propriate adjustments are made in the application of the method. 



Cement-Treated Soil Construction 
The activities associated with construction of cement-treated soil roads, streets, 

airfields and accessory and miscellaneous facilities are divided broadly into three 
parts: (1) preconstruction needs, (2) construction equipment and procedures, and 
(3) engineering control of construction. Item 1 concerns specifications and cost esti
mates; item 2 concerns the equipment and the procedures of construction; and item 
3 treats control of quantities of materials, mixing, compacting, finishing and curing 
to produce cement-treated soil mixtures of predetermined type and quality. 

SPECIFICATIONS 

Specifications for cement-treated soil construction usually require the following 
controls: 

Materials 

1. Type of cement (see "Factors Influencing Properties of Cement-Treated S o i l -
Type of Cement"), quality requirements for cement and cement content. AASHO Stand
ard Specifications govern quality of cement for the type specified. Cement content of 
the mixture is usually specified in terms of volume of the compacted mixture. For ex
ample, 10 percent cement by volume requires 2.7 cu ft (bags) in each cubic yard (27 
cu ft) of the compacted mixture. (Conversion of percent by volume to percent by 
weight, and vice versa may be facilitated by the use of Figure 80.) 

2. Quality of water. 
3. Soils. Requirements limit the maximum size to 3 in. and size distribution to 55 

percent or more passing a No. 4 sieve to provide fines for the cement-soil matrix. 
Equipment 

Limitations on equipment require that it produce the results that satisfactorily com
ply with the requirements for spreading cement, applying water, mixing, compacting, 
finishing and curing. 

Construction Methods 

Requirements call for the following: 

1. Pulverization of the soil so that at the completion of moist mixing 80 percent of 
the soil, exclusive of gravel or stone retained on the No. 4 sieve, passes the No. 4 
sieve. This permits a proper mixture of fine soil grains and cement. 

2. Application of the cement uniformly, but restriction of application when the 
moisture content exceeds the optimum. This permits efficient mixing and minimizes 
occurrence of cement balls. 

3. Time restrictions to prevent partial hardening before compaction "or strength 
reduction due to cement hydration before compaction. 

a. Provision for continued mixing operations so mixture does not remain undis
turbed for more than 30 min, for addition of all water within a 3-hr period, 
for a time limit from cement spread through final compaction not to exceed 
6 hours, and for a time limit for compaction not to exceed 2 hours. 

4. Moisture control at time of compaction to be not below not more than one-fifth 
above optimum, to permit proper compaction and hydration. 

5. Density control, preferably equal to the maximum density (AASHO) but not less 
than 5 pcf below maximum density to insure quality soil-cement. 

6. Curing by protection against moisture loss for a 7-day period. 
7. Placement of a bituminous cover to protect the cement-treated soil against a-

brasion by traffic. 

I l l 
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8. Specifications may also provide for adequate construction joints, and for main
tenance until surfacing is placed. 

COST ESTIMATES 

Construction costs vary with availability of equipment, materials costs, and soil 
and climatic conditions. Useful information to aid in determining costs may be found 
in the annual "Construction Costs" issue of "Engineering News-Record" and from per
iodicals reporting on local construction. Data on cost of equipment use and rental 
rates for equipment are available in the most recent revisions of publications' for the 
construction industries. An engineering estimate of detailed costs should be based on 
current labor rates and material costs for the locality of the project. The following 
blank forms cover project data and cost estimates for cement, water, curing materials, 
supervision, equipment and labor, and also provide for summary of data. 

^Booklet, "Contractors' Equipment Ownership Expense," prepared by the Associated 
General Contractors of America, Inc. , 1227 Munsey Building, Washington, D . C , 
lists ownership expenses for a number of pieces of highway construction equipment. 

Booklet, "Compilation of Rental Rates for Construction Equipment," prepared by 
the Associated Equipment Distributors, 360 North Michigan Avenue, Chicago, Illinois. 

PROJECT DATA FOR PREPARING ESTIMATE 

State ^County T̂own pate_ 

P r o j e c t 

Length Width f t Depth ^in. Sq ycl_ 

Type of s o i l 

Estimated processing days, based on 8-hour day = 

P r o j e c t yardage _ 
Estimated average d a l l y production 

Estimated days i d l e ( r a i n , Saturdays, Sundays, d e l a y s ) 

PORTLAND CEMENT 

Bulk cement i s used on most j o b s . For small jobs, bagged cement i s commonly used. 
The amount of labo r and equipment necessary to handle the cement depends on whether bulk 
or bagged cement i s used. 

1. Ceilculatlon of cement requirements: 
a l Cement content fi by v o l 
b. Cement required per sq yd = 

3 f t X 3 f t X ^ £ P g ^ X = bags/sq yd 
bags/sq yd ̂  1+ = bb l / s q yd 

c. T o t a l cement r e q u i r e d = 
p r o j e c t yardage x b b l / s q yd = b b l . 

WATER 

The amount of water needed and the number of water t r u c k s required to handle i t w i l l 
vary with the optim-um moisture content of the mixture, e x i s t i n g moisture i n the s o i l , 
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r a t e of evaporation, length of water h a u l and r a t e of processing. U s u a l l y a minimum of 
two t r u c k s w i l l he re q u i r e d to handle water f o r mixing and f i n i s h i n g . Where the water 
haul i s very long, one or more a d d i t i o n a l t r u c k s may be necessary. On very l a r g e jobs, 
two or more t r u c k s w i l l be re q u i r e d t o handle water f o r mixing and an a d d i t i o n a l one f o r 
f i n i s h i n g . 

C a l c u l a t i o n of water requirements: 
(a) Approximate requirements of s o i l s f o r 6-in. depth: 

CoEirse sands and sand and g r a v e l ^ g a l / s q yd 
Sandy s o i l s 6 g a l / s q yd 
S i l t y and c l a y e y s o i l s 6g g a l / s q yd 
C a l c u l a t e d quantity g a l / s q yd* 

(b) 20?t a d d i t i o n a l f o r evaporation = 0 .20 x (a) = g a l / s q yd 
( c ) T o t a l requirements per sq yd = (a) + (b) = g a l / s q yd** 
(d) T o t a l gal/day = ( c ) x e s t . ave. d a i l y production = g a l 
( e ) T o t a l g a l f o r job = ( c ) x t o t a l s q yd = g a l 

C a l c u l a t i o n s : 
Lb of S/C per sq yd = 

max den s i t y , pcf x ^P^^ x 3 f t x 3 f t = l b per sq yd 
Percent moisture t o add = optimum moisture - a i r - d r y moisture = percent 
G a l / s q yd required = 'f> moisture x l b S/C per sq yd ^ 8 .33 = g a l per s q yd 

*Water requirements can be estimated more c l o s e l y as f o l l o w s : 
Values known or estimated: 
Maximum d e n s i t y of S/C mixture = pcf 
Optimum moisture of S/C mixture = 'f> 
A i r - d r y moisture content of s o i l = 'fi 
* * I f water i s r e q u i r e d f o r moistening c u r i n g m a t e r i a l s , add 2 g a l / s q yd 

CURING MATERIAIfl 

The f o l l o w i n g types of curing m a t e r i a l s have been used with s a t i s f a c t o r y r e s u l t s : 
bituminous m a t e r i a l , moist s o i l , hay and sawdust, and waterproof paper. Bitianinous ma
t e r i a l i s u s u a l l y used; the quantity r e q u i r e d v a r i e s from about 0 .15 to 0 .30 g a l per 
sq yd, averaging about 0 . 2 0 . 

I f bituminous m a t e r i a l i s used and t r a f f i c i s to be maintained, the sur f a c e should 
be sanded to prevent pickup. The c o s t of the sand, p l u s handling c o s t s , should be i n 
cluded i n the estimate as p a r t of the curing m a t e r i a l s . 

C a l c u l a t i o n of curing m a t e r i a l requirements: 
T o t a l r e q u i r e d = s p e c i f i e d q u a n t i t y / s q yd x t o t a l sq yd = 

SUMMARY OF ESTIMATED COSTS 

Processing: T o t a l c o s t Cost/sq yd 
Labor 
Equipment 
T o t a l 

Portland cement: 
Labor 
Equipment 
M a t e r i a l 
T o t a l 

Handling c o s t : 
T o t a l l a b o r and equipment c o s t s ,, , 

Bbl of cement = P̂̂ ^ 



114 

Water: 
Labor 
Equipment 
Material 

Total 
Cost /1 ,000 gal 

Total water costs 
Total gallons required ^ 1,000 per 1,000 gal 

Cure: 
Labor 
Eqijdpment 
Material 

Total 
Total estimated cost of labor, equipment and materials 
Job and general overhead including moving 
Contingencies and profit 
Total estimated cost of soil-cement base course 



state 
County 

APFRQXnUTE COST ESTIMATE lOR CBIEHF-TREATED SOU. CONSTRUCTION 

Project ^length Yardage_ _8q yd Cenent _percent by volume 

Description 

lEsi. Viae Veei. 
Hours Total 
Bally Bays 

Equliment 
Bite 

Bsr Day 
Used 

Days 
Idle 

'Bate 
Far Day 
Idle Cost no. 

Personnel 

Job Cost 
Processing 

Unit Costs and Summary 
Water | Cement 

Equip. Equip. 
supervision 

Equliment 
Cement Handling: 

Processing: 

Water: 

Material 
Quantity 

per Bq Yd 
Total 

Quantity 
ttalt 
Cost 

Total 
Cost 

Cost 
per Sq Yd 

Total 
Sub-Total 
Material 
Total 
Cost psy 
Equipment + Personnel + Material costs = jper sq yd Total Cost 
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CONSTRUCTION PROCEDURES FOR SOIL-CEMENT 
Base Courses for Roads and Streets 

It is intended to illustrate and to provide in summary form information of a general 
nature on the principal construction equipment and procedures. Details of manufac
turers specifications and details of methods of operations should be obtained from those 
of the construction industry who provide the equipment and materials (for example, (31, 
44, 65, 170, 171, 172, 173)). ~~ 

The four principal types of mixing equipment and typical pieces of auxiliary equip-

TABLE 35 
TYPICAL EQUIPMENT REQUIREMENTS FOR DIFFERENT TYPES OF MIXING MACHINES 

Windrow-Type Traveling Mixer Plat-Type Traveling Mixer Multiple-Pass Rotary Mixer Stationary Mixing Plant 

For preparation 
motor grader 
rollers as needed 

For mixing 
1 stationary mixing 

plant, batch-type or 
continuous-flow type 
with facilities for 
storing, handling and 
proportioning soil, 
cement and water. 

For placing 
haul trucks as need
ed 

2 spreader boxes 
For compaction—see 

Note 1 
For finishing—see Table 

39 
For curing—see Note 2 

For preparation 
1 pulverizer—if required 
1 motor grader with scarifier 
1 windrow evener or spreader 

box 
For handling bulk cement 

1 cement conveyor 
1 cement tanker 
1 portable truck scale 
1 windrow-type mechanical 

cement spreader 
For mixing and water application 

1 windrow type traveling mixing 
machine with motive power 

1 water pump at water source 
1 motor grader for spreading 

mixed windrow 
For compaction—see Note 1 
For finishing-see Table 39 
For curing—see Note 2 

For preparation 
1 motor grader 

For handling bulk cement 
1 cement conveyor 
2 or more cement trucks 

as required 
1 portable truck scale 
1 mechanical cement 

spreader of proper width 
For mixing and water appli

cation 
1 flat-type traveling mixer 
1 water pump at source 
2 or more water supply 

trucks as needed 
For compaction—see Note 1 
For finishing-see Table 39 
For curing-see Note 2 

For preparation 
1 motor grader with scari

fier 
rotary mixers for pul
verizing, as needed 

1 water truck for prewet-
ting, if needed 

For handling bulk cement 
1 cement conveyor 
2 or more cement trucks as 

needed 
1 portable truck scale 
1 mechanical cement spread

er of proper width 
For mixing and water appli

cation 
rotary mixers as needed 

1 water pump at source 
2 or more water pressure 

distributors or water sup
ply trucks as needed 

For compaction—see Note 1 
For finishing-see Table 39 
For curing—see Note 2 

Note !• Compaction equipment depends on type of soil—vibratory compactors, vibratory rollers, sheepsfoot-type rollers, 
three-wheel rollers and pneumatic-type rollers as needed. 
Note 2 If Type RC-2, MC-3 cutback asphalts, RT-5 road tars, or asphaltic emulsions are used, pressure distributors as 
needed 

TABLE 36 
STEPS IN CONSTRUCTION PROCEDURES FOR DIFFERENT TYPES OF MIXING EQUIPMENT 

Windrow-Type Traveling Mixer Flat-Type Traveling Mixer Multiple-Pass Rotary Mixer Stationary Mixing Plant 
A. Preparation 

With in-place soil 
1. Shape roadway to crown and 

grade 
2. Scarify roadway soil 
3. Pulverize soil—if necessary 
4. Windrow soil and even win

drow 
With borrow soil 

1. Shape subgrade to crown and 
grade 

2 Compact subgrade 
3. Place borrow soil 
4. Windrow soil and even win

drow 
B. Soil-cement processing 

1 Spread Portland cement 
2. Mix and apply water 
3. Spread mixed windrow 
4. Compact 
5. Finish 
6. Cure 

A. Preparation 
With in-place soil 

1. Shape roadway to crown 
and grade 

2. Loosen soil to design 
depth when necessary 
and reshape 

With borrow soil 
1. Shape subgrade to crown 

and grade 
2. Compact subgrade 
3. Place borrow soil 
4. Shape borrow soil 

B. Soil-cement processing 
1. Spread Portland cement 
2. Mix and apply water 
3. Compact 
4. Finish 
5. Cure 

A Preparation 
With in-place soil 

1. Shape roadway to crown 
and grade 

2 Scarify roadway soil 
3. Pulverize soil—if nec

essary 
4. Pre-wet soil as needed 
5. Shape prepared soil 

With borrow soil 
1. Shape subgrade to crown 

and grade 
2. Compact subgrade 
3 Place borrow soil 
4. Shape borrow soil 

B. Soil-cement processing 
1. Spread Portland cement 
2. Mix, apply water, and 

mix 
3 Compact 
4 Finish 
5. Cure 

A Preparation 
With borrow soil 

1. Shape subgrade to 
crown and grade 

2 Compact subgrade 
B. Soil-cement process

ing 
1. Mix, soil, cement 

and water in plant 
2. Haul mixed soil-

cement to roadway 
and spread 

3. Compact 
4 Finish 
5. Cure 
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TABLE 37 
ALTERNATE FINISHING PROCEDURES RELATED TO TYPE OF SOIL AND TYPE OF COMPACTION EQUIPMENT 

For Most Soil-Cement Mixtures 
Compacted with Sheepstoot-Type 
Roller 

For Mixtures of Low Plas
ticity with Appreciable Quan
tities of Gravel and Compact-
ed with Sheepsfoot Roller 

For Sandy Soils with Few 
Fines' Compacted with Heavy 
Pneumatic-Tire Rollers 

For Coarse Granular 
Mixtures Compacted with 
3-Wheel, 12-Ton Steel 
Roller' 

1. Remove compaction planes 
with weeder, nail drag or 
spike tooth harrow while 
shaping with motor grader 
(a)(b) 

2. Roll with pneumatic-tire roll
er 

3. "Scalp" with motor grader 
4. Roll with pneumatic-tire roll

er (a)(c) 

(a) Light application of water 
as needed, 

(b) Broom drag sometimes 
used to level ridges. 

(c) Tandem steel-wheel roller 
may be used prior to final 
rolling with pneumatic-
tire roller. 

Alternate A 
1. Shape with motor grader 
2. Roll with steel-wheel roller 
3. Broom drag 
4. Roll with pneumatic-tire 

roller with light appli- : 
cation of water as needed 

Alternate B (a) 
1. Shape with motor grad

er (b) 
2. Mulch and level with 

rotary mixer to about 
2-in. depth 

3. Roll with steel wheel 
roller 

4. Roll with pneumatic-
tire roller (b) 

: (a) For very coarse 
granular mixes only, 

(b) Light application of 
water as needed. 

Remove compaction planes 
with weeder, nail drag or 
spike tooth harrow while 
shaping with motor grader 
(a) 

2. Roll with pneumatic-tire 
roller and drag with broom 

3. Scalp with motor grader 
4. Broom drag 
5. Roll with pneumatic-tire 

roller (a) 

'For example—cohesion-
less dune sand having 0 to 
10 percent passing No. 200 
sieve. 
(a) Light application of wa

ter as needed. 

1. Scalp high areas with 
motor grader. 

2. Roll with pneumatic-
tired roller (a) 

'Material should be ap
proximately to crown 
and grade before com
paction. The material 
for this procedure may 
contain up to 20 per
cent passing No. 200 
sieve and have low PI. 
(a) Light application of 

water as needed. 

ment used with them are given in Table 35. The principal steps in the construction 
procedures used for the four types of mixing equipment are given in summary form in 
Tables 36 and 37. The principal steps in several alternate finishing procedures re
lated to type of soil and to type of compaction equipment are given in Table 37. Two 
types of cement spreading equipment are illustrated in Figures 94 and 95. Photographs 
of the four principal types of mixers referred to in Table 35 and 36 are shown in Fig
ures 96, 97, 98 and 99. 

Figure 9U. Mechanical cement spreader d e l i v e r i n g f l a t spread f o r f l a t - t y p e mixing equip
ment. 
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Figure 95. Windrow-type mechanical spreaders used to place cement I n the s o i l windrow. 

Figure 96. P l a t - t y p e mixing machine processing soil-cement i n - p l a c e . 
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Figure 96A. Diagrammatic sketch of soil-cement processing operations with a f l a t - t y p e 
t r a v e l i n g mixing machine. 

Other important construction procedures not included in Tables 35, 36 and 37 include 
the building of a transverse vertical joint at the end of each day's work, and multiple-
layer construction when the desired thickness of soil-cement exceeds the maximum 
thickness permitted by the types of pulverizing, mixing and compacting equipment on 
the job. Care is needed to insure full-depth mixing and uniform distribution of cement 
and moisture and proper compaction in the vicinity of the joint. When the thickness of 
soil-cement exceeds about 8 in . , it is necessary to construct in multiple layers but no . 
layer should be less than 4 in. thick. Final finishing of the lower layers need not be 
exact. Upper layers may be constructed immediately or on the succeeding day, or may 
be delayed until practicable. When the construction of the upper layer is delayed, the 
surface of the underlying layer should be properly moistened and compacted and cured 
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so a layer of inferior soil-cement does not occur immediately under the top layer. 
Widening and Shoulders (88, M, M) 

The construction procedures for these facilities are generally similar to those for 
base construction, except that equipment must be tailored to fit the dimensions of the 
construction or a central mixing plant must be used. Where the compacted thickness 
for widening or shoulders is in excess of 8 in., construction should be in two or more 

Fig\ire 97. Multiple-pass r o t a r y mixer processing soil-cement i n - p l a c e . 

layers, with no layer less than 4 in. in compacted thickness. 
Airfields, Storage Areas and Parking Areas 

Construction of soil-cement on airfields and other facilities involving areas large 
in both width and length, differs from that of road construction principally in the nec
essity for careful control of crown and grade before processing, and in the construc
tion of both longitudinal and transverse joints. The control of jointing requires laying 
out the work into construction lanes of the proper width and length to facilitate work, 
carefully mixing and compacting the soil-cement adjacent to the completed work and 
transverse construction across the runway, taxiway or area at the turnarounds at the 
ends of the construction lanes. Methods adaptable to airfields are also adaptable to 
the construction of storage areas, parking areas and similar facilities of large area. 

Slope Paving—Single Lift Construction (30. 94. 95. 185) 
Construction procedures for placing soil-cement on relatively flat slopes are simi

lar to those used in road construction, with rotary mixers or traveling mixing machines 
being used for mixing purposes. For slopes of about 5:1 or steeper, the use of mate
rial mixed in a central plant and hauled to the area facilitates construction. The ma-
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terial is spread and compacted in the usual manner except that compacting equipment 
is operated up and down the slope by means of tractor-powered winches located at the 
top of the slope, or longitudinally with self-propelled compaction equipment held up on 

Figure 97A. Sketch of soil-cement processing operations with r o t a r y mixers. 

the slope. ' 
Slope Paving-Thick, Multiple-Lift Facings (95. 185) 

Thick facings on relatively steep slopes can be processed horizontally as the layers 
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of the embankment are being placed and compacted. The width of processing and the 
offset distance for each succeeding layer of soil-cement will depend on the angle of the 
slope and the planned thickness of the facing normal to the slope. Construction oper
ations are similar to those for in-place mixing for roads, and precautions are similar 
to those for multiple-lift construction for road bases. A principal precaution is to in
sure that no unmixed and poorly compacted materials remain between lifts. Some of 
the details of this type of construction are indicated in Figure 100. 
Miscellaneous Structures 

The engineering literature cites numerous instances where soil-cement of standard 
quality has been used in a wide variety of applications. Some of these are: bicycle 

Figure 98. One type of t r a v e l i n g mixing p l a n t processing a windrow of s o i l and cement. 

pathways (93), earth dam cores (96), small culverts (104), floors for aggregate stock
piles (91, 92), building construction (99, 100, 101), small arch bridges (60), surface 
drains~(l05j7 foundations (55), and others. The same principles of adequate cement 
content, adequate mixing, proper moisture content, adequate compaction and curing that 
are necessary for good construction in other facilities also hold for these miscellaneous 
structures. 

CONSTRUCTION PROCEDURES FOR CEMENT-MODIFIED 
SOILS FOR ROAD CONSTRUCTION 

The general specification requirements (except cement content), the construction 
equipment and procedures that apply to soil-cement also apply in the construction of 
cement-modified granular and cement-modified silt-clay soils. 
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Figure 98A. Diagrammatic sketch of soil-cement processing operations with a windrow-type 
t r a v e l i n g mixing machine. 

CONSTRUCTION PROCEDURES FOR PLASTIC SOIL-CEMENT 
(95, 97, 98, 114, 185) 

Pugmill mixers should be used, except for the very coarse materials having very 
little silt and clay, which can be mixed with concrete mixers. Mortar-type mixers 
are also suitable for soil with small amounts of silt and clay. Where plastic soil-ce
ment is used to line irrigation or drainage channels, it may be placed by means of slip-
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Figure 99- A stationary mixing plant used i n soil-cement processing. 
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Figure 100. Sonie details of multiple-lift thick facings for embankments subject to in
undation and wave action (95, 185). 

forms or may be placed and finished by hand with trowels and wooden lutes. Curing is 
usually by application of bituminous or other membrane-type materials, although 
moist earth can be used. 



Engineering Control of Construction 
The purpose of engineering inspection and control is to assure the quality of con

struction prescribed and intended by the project plans and specifications. The over
all quality of the construction is assessed in terms of the quality of the soil-cement 
which affects both durability and structural capacity, and by the dimensions that in
fluence structural capacity. The control of quality of the soil-cement lies f i rs t in the 
control of the quality of the individual materials—the soil, cement and water; second, 
in the proportions of each used; and third, in the mixing, compacting, finishing and 
curing. Preliminary identification of soil type, testing the materials for quality and 
testing for mix design to determine the construction control factors have been covered 
previously. 

The principal factors that govern quality of construction and that are controlled in 
construction by observations, tests and measurements are: 

1. The condition of the subgrade on which the soil-cement is to be compacted. 
2. Pulverization. 
3. Cement content—controlled by observations of quantities used and method of ap

plication. 
4. Moisture content at the time of compaction, and throughout the curing period. 
5. Mixing—the uniformity of dispersion of the cement and moisture. 
6. Compaction. 
7. Finishing. 
8. Final compacted depth. 
9. Curing (see moisture content above). 
The tests essential to proper inspection and control of construction are listed in 

Table 38, which also includes post-construction tests and observations that are of in
terest in studies of the behavior of soil-cement and the continued improvement of soil-
cement mixtures. 

DETERMINATION OF THE CONDITION OF THE SUBGRADE 
The moisture content and the density of the subgrade soil on which the soil-cement 

is to be built determine whether or not it wi l l be possible to adequately compact the 
mixture. Soft, moist areas, or areas of low density (that may soften after construc
tion) should be removed and replaced with properly constructed subgrade. 

PULVERIZATION 
The pulverization test consists of sieving a representative sample over the No. 4 

sieve and computing the percentage of soil that passes. 

A 
Percent pulverization = g x 100 

in which 
A = the dry weight of the soil-cement mixture passing the No. 4 sieve; and 
B = the dry weight of the total sample exclusive of gravel retained on the .No. 

4 sieve. 
The test is usually performed at the moisture content existing at the time of pulveriza
tion or immediately prior to compaction, depending on the specification requirements. 
On the heavier, more clayey soils, where after some effort pulverization has not been 
attained, pulverization may be accomplished by (a) adding water to about one-half of 
optimum, (b) obtaining maximum pulverization, and (c) adding cement, mixing, and 
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bringing the mix to "working optimum, 
ment aid pulverization. 

The slaking effect of the water and the ce-

CEMENT CONTENT 
The cement content of the mixture may be specified in terms of percent of dry weight 

for a given dry density of the mixture, or as it is more commonly done, in terms of 
percent by volume of the planned compacted thickness. Percent by volume may be con
verted to percent by weight for various densities, and vice versa by means of the nom-

TABLE 38 
CONSTRUCTION AND POST-CONSTRUCTION TESTS 

Method of Observation or Test Reference Purpose of Method 
A. Construction Tests 

6. 

In-place moisture content 
and density of roadway. 
Pulverization. 
Moisture-density rela
tions of soil-cement mix
tures. 
In-place moisture content 
and density of soil-cement. 
Cement content of mix
ture.' 
Degree of mixing (or mix
ing efficiency).' 

1. AASHO T 147, ASTM "Proce
dures for Testing Soils." 

2. Screening over No. 4 sieve. 
3. AASHO T 134, ASTM D 558. 
4. Same as 1 atxive. 
5. AASHO T 144, ASTM D 806. 
6 Compressive strength test, 

ASTM "Procedures for Test
ing Soils." 

B. Post-Construction Tests* 

6. 

Cement content of soil-
cement. 
Moisture content. 
Compressive strength of 
cores. 
Wetting and drying test 
on cores. 
Freezing-and-thawing 
test on cores. 
Measurement of crack 
interval and opening. 

1, AASHO T 144, ASTM D 806. 
2, Dry to constant weight at tem

perature of 110 C (230 F). 
3, 4, and 5. Same as A-4, b, c, 

and d in Table 19. 
6. Visual measurements. 

1. When roadway soils are used, 
provides basis for determining 
depth of mixing and water require
ments. 

2. To determine compliance with 
specifications. 

3. To form basis for specification re
quirements. 

4. To determine compliance with 
specifications. 

5. To check cement apî lcation and 
uniformity of mixing. 

6. To determine the effectiveness of 
mixing by comparison of compres
sive strengths of specimens made 
from field mixing and laboratory 
mixing (see "Degree of Mixing"). 

1. Same as 5 above. 
2. To determine moisture loss during 

curing. 
3. 4, and 5. To check on effectiveness 

of field proportioning of water and 
cement, and on mixing, compact
ing and curing procedures. 

6. To provide data on cracking char
acteristics for further Improve
ment in mix design. 

'Not routine tests, see text. 

ograph in Figure 80. Cement spread in terms of pounds per square yard or bags per 
square yard may be determined directly from Table 39 or from Figure 101. Pounds 
of cement required per lineal foot for various widths and depths may be determined 
from Figure 102. Cement requirements in terms of pounds per lineal foot of windrow 
for specified cement contents by weight may be determined from Figure 103. 

When cement is spread ahead of flat-or rotary-type mixers, the accuracy of the 
spread can be determined by placing a 1-sq yd canvas or plate on the ground to re
ceive the spread cement. When cement is placed in a windrow of materials, the ac
curacy of distribution can be measured by pushing two metal plates 1 f t apart into the 
windrow and removing the cement. The accuracy of the cement spread and the uni
formity of mixing may also be checked after construction (see "Post-Construction Tests 
for Appraisal of Controls"). 

The Washington Department of Highways has developed a rapid conductimetric meth
od of determining the cement content of plastic cement-treated base (187). The test 
procedure takes about 20 min to perform and is based on the resultant change in con
ductivity of water after the addition of cement. Suitable calibration curves are f i rs t 
obtained by batching small test mixtures of cement-treated base aggregate containing 
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TABLE 39 
CEMENT SPREAD REQUIREMENTS PER SQUARE YARD 

Percent 
Cement by 
Volume 

Compacted Depth (in.) 1 Percent 
Cement by 
Volume 

5 6 7 8 
Percent 

Cement by 
Volume (lb) (bag) (lb) (bag) (lb) (bag) (lb) (bag) 

4 14.1 0.15 16.9 0.18 19.75 0.211 22.55 0.24 
5 17.6 0.188 21.2 0.225 24.8 0.263 28.2 0.30 
6 21.4 0.225 25.4 0.27 29.7 0.315 33.9 0.36 
7 24.7 0.263 29.6 0.315 34.6 0.368 39.5 0.42 
8 28.2 0.30 33.8 0.36 39.5 0.421 45.1 0.48 
9 31.8 0.338 38.1 0.405 44.6 0.474 50.8 0.54 

10 35.2 0.375 42.3 0.45 49.5 0.527 56.4 0.60 
11 38.8 0.413 46.5 0.495 54.4 0.579 62.0 0.66 
12 42.3 0.45 50.8 0.54 59.4 0.632 67.7 0.72 
13 46.8 0.488 55.0 0.585 64.4 0.684 73.3 0.78 
14 49.4 0.525 59.2 0.63 69.3 0.737 78.9 0.84 
15 53.0 0.563 63.5 0.675 74.3 0.79 84.6 0.90 
16 56.4 0.60 67.7 0.72 79.2 0.842 90.2 0.96 

known quantities of cement, diluting the mixture with a large quantity of water, and 
measuring the conductance of the diluted mixture with a conductivity meter. To deter
mine cement contents of field-mixed cement-treated base, representative samples are 
subjected to the same dilution procedure and the conductivity similarly determined. 
Reference to the calibration curve gives the amount of cement inithe sample. 

The California Division of Highways has also developed a test] method to determine 
the percentage of cement in freshly mixed cement-treated base (188). The determin
ations are based on chemicaltitration methods which relate the clement concentrations. 
Two different titration procedures are given; f i rs t , an acid-base titration method and 
second, a constant neutralization method. Naturally the f i rs t method is used when the 
aggregates do not react to hydrochloric acid. The second method must be used when 
the aggregates react to hydrochloric acid. One to four samples can be run simultan
eously in about 60 to 90 min. 

The British Road Research Laboratory had developed three analytical methods for 
accurately determining the cement content of soil-cement mixtui-es (189, 190). In 
each method the cement content of the mixture is calculated from the calcium oxide 
contents of the mixture, the cement, and the soil. The three methods of analysis give 
comparable accuracy, but for control work during soil-cement road construction, when 

4 6 8 10 12 14 
PERCENT CEMENT BY WEIGHT OF OVENORY SOIL 

Figure 101. Cement factor conversion chart. Percent cement by volume of conqpacted s o l i -
cement vs percent cement by weight of oven-dry s o i l vs quantity of cement per sq yd for 

a 6-in. compacted thickness for known dry densities of soil-cement (20). 
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large numbers of samples have to be an
alyzed, the flame photometer method is 
probably quickest. By this method it is 
possible to carry out the complpt analy
sis of eight samples (including the drying 
and preparation of the samples) in CVg 
hours; the purely analytical work on the 
eight samples takes only 1% hours (215). 

The ASTM Standard Method of Test 
for Cement Content of Soil-Cement Mix
tures (ASTM Designation: D 806-57) (12) 
IS similar to the British Normal Method, 
which requires about 8 hours to perform. 

MOISTURE CONTENT AND WATER 
REQUIREMENTS 

The optimum moisture content from 
the laboratory moisture-density relations 
test is used as a basis for the initial de
termination of water requirements for 
compaction at optimum moisture content. 
A moisture-density relations test is made 
on the job at the end of moist mixing oper
ations to determine the optimum moisture 
content and density for use in field con
trol . This is done to insure against im
proper identification of soil type and a-
gainst changes in optimum moisture con
tent and maximum density resulting from 
a lengthy mixing period or from delay 
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during mixing. The moisture-density test is performed in accordance with the stand
ard AASHO-ASTM Method (AASHO T 134, ASTM D 558). Field moisture-density rela
tions testing is unnecessary if the-soil is identical with that used in the preliminary 
laboratory tests and if mixing is completed in less than 30 min. jThe moisture content 
at the time of compaction is one of the most significant of the controls and should be 
determined frequently either by inspection by trained personnel or by actual test. The 
approximate percentage of water required is equal to the difference between the opti
mum moisture content and the moisture content of the raw soil plus cement or the dry 
soil-cement mix. Approximately 2 percent additional water is needed to compensate 
for dry cement added to the soil if the moisture content is made on the raw soil prior 
to the addition of the cement. Required moisture contents in percent can be converted 
into gallons of water by the use of Figure 104. 

MIXING 
The uniformity of mixing of cement, soil and water is determined by visual inspec

tion to the fu l l depth of mixing. The mixture should have a uniform color throughout 
the fu l l depth and width. Thorough inspection can be made only by trenching to fu l l 
depth across the processed material or through the windrow. 

COMPACTION 
Specifications usually require compaction to the maximum density obtained in the 

moisture-density relations test on the soil-cement mixture at the conipletion of mixing, 
or to some slightly lesser value. Field in-place density tests are needed to determine 
compliance with specifications. A careful and systematic inspection procedure is use
fu l in determining compliance as to uniformity of construction. Standard test proce
dures indicated in Table 38 are available for performing the tests necessary to deter
mine compliance with specification density requirements. 
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FINISHING OPERATIONS 
The nature of the finishing operations in large measure controls the nature of the 

riding surface and may have marked influence on other performance characteristics of 
soil-cement bases. The best procedure depends on the equipment and the soil char
acteristics. Several presently used methods are described in Table 37. Inspection 
should be aimed at obtaining a smooth, dense, moist surface that is free of cracks, 
ridges and compaction planes. 

COMPACTED THICKNESS 
Final compacted thickness is usually determined while making the in-place density 

determinations. However, if sufficient material to markedly affect depth is removed 
by scalping during final f inishi i^ operations a final check on compacted thickness after 
finishing operations is in order. 

CURING 
If the curing method used appears not completely satisfactory, periodic moisture 

content determinations can be made during the 7- day curing period to determine if the 
curing procedure is effective in preventing excess moisture loss. Moisture tests are 
usually made in the top inch and in increments with depth for purposes of determinii^ 
moisture change with depth. 

POST-CONSTRUCTION TESTS FOR APPRAISAL OF CONTROLS 
These post-construction tests are not run as a routine. However, when it is desir

able to appraise the effectiveness of construction controls, further tests and observa
tions can be made, usually after some standard period of 28 days, 60 days or one year 
or more after construction. Such testing may concern the quality of the soil-cement, 
but it may also include evaluation of the structural load-carrying capacity of the pave-
ment-subgrade combination. The tests which can be used to appraise the quality of 
the soil-cement pavement are indicated in Table 38. Further evaluation may include 
plate bearing tests, Benkelman beam tests, or accelerated traffic tests. 

MAINTENANCE USE OF SOIL-CEMENT 
Soil-cement may be used for strengthening of a base, subbase or subgrade in the 

maintenance of both flexible and rigid types of pavement. For flexible-type pavements, 
if the failure is in the base and is due to inferior material, i t can be repaired by re
placing the inferior material with suitable aggregates or by the use of soil-cement. If 
the failure is due to excessive subgrade deformation because of Inadequate pavement 
thickness, the subgrade can be excavated and replaced with better material and the 
pavement thickness thus increased. The same end may be accomplished by replacing 
a portion of the depth of the failed area with soil-cement, unless the underlying mate
rial is too soft to permit adequate compaction of the soil-cement. 

A small patch under a failed area of a rigid-type pavement may fai l due to concen
tration of pressure and resuk in a permanent depression of the patched area. It is 
seldom advisable to prepare a patch smaller than 4 f t in its smallest dimension for the 
thinner rigid pavements and larger patches may be needed for the thicker pavements. 
It is well to undercut the remaining slab so the edge of the concrete patch wil l not coin
cide with the edge of the soil-cement subgrade or subbase replacement. Undercutting 
should be 4 to 6 in. 

A patching gang can be divided into three groups, one group excavating and removing 
old pavement, another preparing the soU-cement mixture, and a third placing, com
pacting and finishing the mixture. Soil-cement at optimum moisture content should be 
placed in compacted layers not to exceed 3 to 4 in. in thickness when compacted by 
tamping. Compaction should be to a density of not less than 95 percent of standard 
AASHO density (Method T 134). 

MateTisdB requirements are the same as for soil-cement mixtures. The soil may be 
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any material that reacts favorably with cement and may well be the base material re
moved from failed areas. Unless a pugmill mixer is used, the soil should be friable 
and thus preferably granular. Sands with fines, stone screenings, |sand-clays, etc., 
are desirable when a concrete mixer is used. Normal (Type I) Portland cement is us
ually used, although high-early-strength cement may be desirable if time is a factor. 
Minimum cement requirements may be determined by shortcut methods. 

The soil-cement, if i t is to be effective, must be protected so i t wi l l harden ade
quately. For subgrade strengthening for rigid-type pavements it should be allowed to 
harden for 2 to 3 days without loss of moisture before concreting, j However, it is bet
ter to place concrete directly on the freshly placed soil-cement and permit future hard
ening as the concrete hardens than to permit the patch to dry prematurely. For f lexi
ble-type pavement patching, the soil-cement should be allowed to harden sufficiently so 
It w i l l not fracture during the replacement of the bituminous surface nor immediately 
on reopening of the area to normal traffic. 



Field Performance of Soil-Cement Base Courses 
Numerous reports giving factual information on the in-service behavior of soil-ce

ment base courses are available in published engineering literature. Those reports 
provide detailed data obtained from condition surveys (39, 55, 61, 64, 107, 109, 164, 
199, 200, 201, 202, 204, 205, 206, 207), and field weathering evaluations (30̂ 7 and 
field test sections (34, 55, 208, 209). 

CONDITION SURVEYS 
A committee of the Highway Research Board sponsored condition surveys on 64 pro

jects in 23 states on a total of approximately 200 miles of early soil-cement roads 
averaging about "^1% years in age. The summary report made in 1940 (200) showed 44 
of the projects rated excellent, 17 good and 3 fair . None was rated poor. A second 
report was made in 1941 (201) that reviewed the construction history of the early pro
jects, discussed defects encountered, and gave reasons for the occurrence for the de
fects. The most frequently occurring defect on the early projects, which were pro
cessed largely with agricultural equipment, was scaling of the wearing surfaces that 
occurred in some degree on 43.5 percent of the projects. Areas of actual structural 
failure of the soil-cement base were few in number and small in area. Different causes 
of failure reported were low cement content, inadequate subgrade drainage and support, 
unsatisfactoiry compaction due both to inadequate moisture control and poor subgrade 
support, and excessive mixing time after application of cement and water. , 

The 1940 and 1941 reports were followed by a 1948 report (204) that summarized two 
surveys, one made in 1945-1946 and a second made in 1946-1947. The 1945-46 survey 
covered 18 projects ranging in age from SVa to 9 years. Fifteen of those projects 
showed no base maintenance costs. Three projects showed maintenance costs of $10, 
$24, and $81 per mile. Twelve projects were rated excellent, four were rated good 
and one average. The 1946-47 survey showed data from 19 states on 59 projects total
ing 273 miles of road. Forty-eight of those projects were 6 in. thick. Others ranged 
from 5 to 10y4 in. thick. Cement contents ranged from 6 to 14 percent, the greater 
proportion being built with 10 percent cement by volume. Soils had liquid limits up to 
72 and plasticity indices up to 35. Age of projects ranged from 2 to 10 years. 

On 32 of the projects no base failure had occurred. Some failures had occurred on 
27 projects. Only six projects exhibited failures sufficient in extent to warrant analy
sis. For those six, data were not available for two projects. The remaining four 
showed excessive breakage for the following reasons: 

1. Twenty percent failure. Soil-cement was dry and dusty and not knit together, 
indicating inadequate construction control. 

2. Fifteen percent failure. These were judged due to insufficient thickness (5 in.) , 
low cement content for soil type, and poor construction practices. 

3. Ten percent failure, thought due to insufficient thickness (5 in.) on very poor 
subgrade soils. 

4. Thirty-three percent breakage as a result of frost heave on silty soil having a 
high water table.. 
Failed areas represented 59 and 10 percent of the total areas of the other two projects. 

Blowups have been reported on only one project (199), built in the winter of 1936 
with 8 to 10 percent cement. A 4-mi section of this project was primed with tar in 
March 1937. Soon afterwards blowups occurred in 23 places. They were characterized 
in a few cases by cracking and shattering of the base for the fu l l depth for about 2 lin 
f t , but in most cases only the top 2 in. were affected. 

A report was made in 1948 on 10 individual projects (28.38 miles) of soil-cement 
built in Virginia (202) since 1938. Most of the roads were built in the coastal plains 
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and eastern Piedmont areas, but soils ranged from silty sands and sand-clays to silty 
clays. Projects were largely built by mixed-in-place methods using farm machinery, 
although a "modern" machine was used on one project. The report concluded that the 
severe climatic conditions in the areas where the roads are located had not caused any 
apparent distress in the soil-cement. 

The Corps of Engineers (55) obtained pertinent pavement, soil-cement base, sub-
grade, traffic, and performance data for 35 airfields on which soil-cement was used. 
Those data were obtained from airfield evaluation reports, most of which are dated 
1944 and gave data to that date. With only few exceptions, the quality of the soil-ce
ment was not evaluated but rather arbitrarily assigned a CBR of 50 or 80 based on ser
vice behavior. 

The materials stabilized and the subgrades on which they were built ranged from 
lean clays through gravels. A 6-in. thickness was used in most instances. Cement 
contents averaged 10 percent. Surfacing varied from none to 4 in. of asphaltic con
crete. Points of interest drawn from the studies are: 

1. Shrinkage cracks are common to many of the bases but definitely did not indicate 
failure. 

2. Unsurface soil-cement is not capable of withstanding the abrasive action of traf
f ic . 

3. There were no subgrade failures (except for f i l l settlement) in those cases where 
actual soil-cement pavement thickness was greater than that required for flexible 
pavement design considerations. 

In 1958 the Corps of Engineers reported (34) on the service behavior of seven air
fields where soil-cement had been used in construction. The airfields were located at 
Albany, Ga., Valdosta, Ga., West Palm Beach, Fla., Hot Springs, Ark . , LitUe Rock, 
Ark. , Clovis, N . M . , and Muroc, Calif. Visual inspections were made on all seven 
fields and field and laboratory tests were made on the f i rs t four. The findings are: 

1. Cracking. It appeared that cracking was caused by shrinkage of the soil-cement 
and was not connected with overload. Age at time of paving ranged from a few months 
to 8 years but in each case cracks appeared a few months after surfacing. Accelerated 
traffic showed that soil-cement along construction joints did not afford the same pro
tection to underlying layers as that of interior lanes. No evidence of lack of protection 
at joints was noted at any of the fields. Al l but one of the fields were capable of carry
ing heavier planes than those in use as is shown in the following analysis. 

Using CBR value of 15 for subgrade and 8-in. thickness above subgrade, the Albany, 
Ga., pavement would be adequate for unlimited use by planes with assembly loads of 
12,000 lb and single wheels of either high pressure, HP, or low pressure, LP, tires. 
Based on CBR of 15 and thickness of 15 i n . , the Valdosta pavement was adequate for 
use by planes with 19,000-lb load on single wheel with LP tires or 16,000-lb load on 
single wheels with HP tires, and would probably carry wheel loads up to 25,000 lb for 
one to two years. Good bond was found on al l fields tested in this study. 

2. Wet-dry and freeze-thaw tests. Cores from two fields were tested (Albany and 
West Palm Beach) and showed freeze-thaw losses of 36 and 25 compared to allowable 
losses of 14, but field behavior was good. 

3. Reduction in plasticity. Materials having plastic binders at the time of cgnstruc-
tion were non-plastic when tested 1 to 10 years later (Fig. 35). 

4. Healing of cracks. Examination of samples of soil-cement from Valdosta and 
West Palm Beach airfields showed that numerous cracks in the material had been f i l l 
ed by a deposit of calcareous material. The specimens showed no tendency to break 
along these cracks; on the contrary, they usually broke in uncracked portions. 

5. Further summary statements in regard to cracking were that: 
a. Cracking did not vary noticeably from field to field and was not related to 

type of material stabilized. 
b. Cracking was not a function of loading. The only reasonable explanation is 

that cracking is caused by shrinkage of the soil-cement. 
c. The presence of cracks appeared to have no effect on the ability of the soil-
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cement to carry the imposed 
loads or on the durability of 
the soil-cement mixture, 

d. No method was found to evalu
ate the effects of healing of 
cracks by deposition of a cal
careous material. 

FIELD TEST SECTIONS 
Li 1956 the Corps of Engineers (55) re

ported on the performance of four United 
States and five British traffic tests on 
soil-cement that involved wide ranges in 
some of the factors that govern behavior. 
The variables included cement content 
(range was from 4 to 26 percent), thick
ness of soil-cement (SVa to 2Z% in . ) , ma
terial stabilized (crushed rock to clay), 
Bubgrade (sand to clay having a CBR range 
from 37 to 1), wheel load (2.5 to 50 kips), 
and tire inflation pressure (40 to 160 psi). 
The traffic tests were made on unsurfac'ed 
soil-cement. A major objective of the 
tests was to determine the comparable 
load-carrying capacities of soil-cement 
and flexible-type pavements having gran
ular base courses without admixtures. 

The thicknesses of flexible pavement 
construction required to give a perform
ance equal to that of the soil-cement test 
sections are indicated in graphical form 
in Figure 105. The flexible pavement thicknesses were determined from plots prepar
ed from CBR design curves in use by the Coips of Engineers at that time (September 
1956). Those plots permitted determination of the required pavement thickness for 
any specified number of coverages. 

Figure 105 shows some equivalent thicknesses of flexible pavement approximately 
one-half of the thickness of the soil-cement tested (below the diagonal line of equal 
thickness). An explanation given is that values indicated by the notation (a) in Figure 
105, the CBR values of the subgrade, were converted from data obtained by the cone 
penetrometer and converted to CBR's using a cone index of 55 as equal to a CBR of 1, 
This was believed to be a conservative estimate of CBR. Also there was some evidence 
that failure occurred in the sand-cement pavement itself that accounts for its poor 
showing in the graph. Otherwise, generally, the ratio of thickness of flexible pave
ment required compared to that of soil-cement was of the order of about 2:1 to 4:3 de
pending on the quality of soil-cement and the nature of the subgrade. 

The •Corps of Engineers and British studies are also reported in an ASCE paper (210). 
Pertinent comments of this paper are given in later proceedings of the ASCE (211 

5 10 15 20 2S 
THICKNESS OF SOIL-CEMENT-INCHES"* 

<»N0 SURFACING ON SOIL-CEMENT DURING 
TRAFFIC TESTING 

(A)cBR VALUES DETERMINED FROM CONE 
PENETROMETER (55 CONE INDEX -1 CBR). 
RESULTS APPEAR INCONSISTENT DUE TO 
USE OF EXTRAPOLATED VALUES. 

Figure 105. Results of f i e l d t r a f f i c tests 
evaluated In teims of thickness of flex
ible pavement for equal performance (5̂ )> 

WEATHERING EVALUATIONS 
Field studies (30) made after 17 years' experience with soil-cement construction 

showed that areas giving faulty performance were built in violation of the three funda
mental control requirements of: (1) specified moisture content, (2) specified density, 
and (3) specified cement content. 
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Appendix 
REPORT ON SOIL-PORTLAND CEMENT STABILIZATION PRACTICES 

Prepared for the Committee on 
SoU-Portland Cement Stabilization 

by 
WILLIAM A. SOUERS 

Associate Highway Engineer 
Washington State Highway Commission 

The Highway Research Board Committee on Soil-Portland Cement Stabilization, de
sirous of learning the present status of the use of soil-portland cement StabUization in 
highway construction and in the development of information concerningpresent research 
Studies that concern soil-portland cement stabilization, prepared and submitted a ques
tionnaire to obtain the desired information. 

The questionnaire was submitted to all 50 states and to 25 foreign countries late m 
1959. A tabulation of replies received was prepared and submitted to the Committee on 
Soil-Portland Cement Stabilization at the Thirty-Ninth Annual Meeting of the Highway 
Research Board on January 11-15, 1960, in Washington, D. C. Since that time, addi
tional replies have been received, the data have been tabulated and a summary report 
is presented. 

GENERAL 
In this report "soil-cement" is considered to be a hardened material formed by cur

ing a mechanically compacted intimate mixture of pulverized soil, Portland cement and 
water. Durability and/or compressive strength are the common criteria for hardness. 
The standard for hardness varies. The term "soi l ," in addition to its usual connota
tion, may include mineral aggregate materials produced from quarries, gravel pits and 
industrial plants, or mixtures of soil and aggregate. 

Replies to the questionnaire were received from 49 of the 50 states and from 9 of 
the foreign countries soUcited. Detailed replies were to be (iubmitted from India and 
from the States of Australia; however, these replies have not been received. The 
Portland Cement Association of Australia did complete those parts of the questionnaire 
on which they had some useful information and experience, and these data have been in
corporated in the tabulation and in this report. 

Of the 58 replies received, 50 have used soil-cement stabilization to some degree. 
The earliest use reported was in 1936; 27 were using by 1941, and at the present time 
there are several who have not used soil-cement stabilization but have plans to under
take this type of construction. The extent and type of soU-cement stabUizaUon used 
varies from short experimental sections of roadway to very extensive use with unde
terminable amounts of mUeage constructed. Airport use is confined to several south
ern states in the United States of America and in England, Germany and New Zealand. 
There are indications that governmental agencies, other than those replying to the 
questionnaire, have used soU-cement stabilization in airtield construction. Al l types 
of geographic locations were reported: valleys, mountains, plains, deserts, coastal 
areas, tropical and plateau in BrazU. Climatic conditions reported were: rainfaU, 
up to 200 in. in Africa; winter temperature, to -20 F in Utah; summer temperature, 
to 115 deg in California; and, frost depth, up to 84 in. in Montana. 

MIX DESIGN 
Gradation limits reported, varied depending on the types of soil stabilized. Atter-

burg limits were used for control in some instances, and in other instances no limita
tions were imposed. 

Chemical constituents found harmful to soil-cement were organic matter, sulfates 
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and micaceous soils. Organic matter resulted in lower strengths, slowing of harden
ing and disintegration; suggested methods of combating these harmful effects were to 
avoid using organic soils, add 2 percent cement for each 1 percent of organic matter, 
use type V portland cement, and add calcium chloride. The Netherlands suggested us
ing high early strength portland cement for the CaO content to counteract the organic 
matter; their suggestion was to mix the organic soil with a slurry of cement and water 
about one day before the actual soil-cement stabilization. 

Types I and E portland cement were most commonly used in soil-cement stabiliza
tion. Type n was reported to offer greater resistance to the attack of sulfates, alkali 
or sea water. In England, about 5 percent of their work involved rapid hardening ce
ment, whereas in Africa, rapid hardening cement was not desirable in the tropics be
cause of difficulties in compaction. 

Laboratory strength and/or durability tests used were varied. Compressive strength, 
freeze-thaw and wet-dry, standard PCA Design Manual and Leadabrand Short Test 
Method, moisture-density relations, punching-shear and unconfined compression test, 
and the pick-and-click test were reported. In addition, the stabilometer, cohesiome-
ter, cristalUzation test using NaaCQs (Germany) and the cylinder penetration test (Brit
ish Std. 1924) were listed. 

In evaluating the results of laboratory tests of soU-cement mixtures, the criteria of 
strength and/or durability used in determining cement requirements were manifold. 
The wet-dry, freeze-thaw, compressive strength, triaxial shear and cylinder penetra
tion ratio (CPR) tests were given, with specified test criteria being used to determine 
cement requirements. Some used no specific criteria; the cement content chosen was 
the most economical one which showed the best comparative results. In addition, ce
ment contents depended on traffic intensity, thickness and type of bituminous surfacing 
and the texture of the soil. 

Among the soil classification systems, or other short-cut procedures, used for de
termining the cement requirements were the following: PCA short-cut procedure; 
based on pre-construction laboratory results; with various soil types, use the cement 
requirement for the most prevalent types, removing the worst soils; complete physi
cal and chemical analysis to approximate the starting point for percent cement to use; 
rule of thumb—do not start with soils exceeding 30 percent passing the No. 200 sieve 
or with a PI greater than 10; the Pedological System (see HRB Proceedings, Vol. 19, 
1939, p. 522, Table I); t r ia l and error; and, when using sand, appearance, color and 
granulation as an indication of stability. 

The maximum cement content for soil-cement economically competitive with alter
nate methods of paving construction varied from a low of 2 percent to a high of 20 per
cent. Length of haul and availability of granular materials, as well as cement, were 
factors to be considered. In Central Africa, 1 percent cement is equivalent in cost to 
a 4-mi haul. Also, the use of blending sand, proportioning cement and fly ash into the 
soil and occasionally adding % percent of CaCla to the mix were cited as factors affect
ing the mix design. 

THICKNESS DESIGN 
Soil-cement thicknesses used ranged from 4 to 18 in. and varied according to use. 

The methods of thickness design used also varied. Experience, judgment, empirical 
methods, CBR method, stabilometer R-value, cohesiometer, PCA Manual, Triax 
Method (HRB Bulletin 8), traffic count and a standard of 6 in . generally limited by ease 
of processing were listed as methods used. 

A variety of reduction factors were given to substantiate the use of thinner construc
tion with soil-cement than with alternate forms of construction. 

CONSTRUCTION 
Both mix-in-place methods and stationary plant methods were reported used in con

structing soil-cement, with a wide variation in the ratio. In preparing soil-cement 
mixtures with cohesionless soils, discs, plows, harrows, scarifiers, bladers, single-
and multiple-pass pulvimixers, stationary and travel plants, windrow mixers, the How-
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ard Train (England) and other makes of equipment were used. For compacting the 
soil-cement mixture, sheepsfoot, pneumatic, steel-wheel (both pull and self-propelled), 
vibrating and grid rollers, vibratory pads. Cat tractors and dropping-weight compac
tor (an integral part of the Howard Train) were used. Finishing operations were ac
complished with patrol blades, pneumatic and steel-wheel rollers, finger weeders, 
Barber-Greene Paver, nail-tooth and broom drags, and a shoulder machine box with 
strike-off bar. 

In preparing, compacting, and for finishing operations on soU-cement mixtures with 
cohesive soUs, many used the aforementioned equipment for use with cohesionless 
soils. In England, soUs with low clay contents can be mixed in paddle-type asphalt 
mixers and sometimes in pan concrete mixers. For soils with a liquid limit above 40 
percent, the Howard single-pass train (England) is reported to be the only machine that 
gives good mixing. I 

Many were satisfied with the capabilities of the machines used in soil-cement con
struction. Needed improvements were better control of cement Idistribution during 
mixing and placing. Some felt that there were limitations on the mixing equipment and 
on plant capacities. Africa reported that the need is always for simple and robust e-
quipment. 

Those attempting to pulverize cohesive soils before mixing with cement achieved 60 
to 100 percent passing the No. 4 sieve; many did not specify any fineness gradation 
Umitations. 

In controlUng uniformity of mixing soil and cement, the following were used: visual 
inspection, titration test (California 338), control of moisture content, uniformity of 
cement spread, electrical conductivity method for determining cement content (a field 
test), unconfined compressive strength test, controUing the speed of the single-pass 
train, maintaining even depth of mix and by designating the number of passes of the 
pulverizer. 

Moisture contents achieved in the soil-cement mixture prior to compaction ranged 
from optimum (AASHO T-134) to 80 percent of optimum for sandy soils and to 120 per
cent of optimum for silty and clayey soils. Densities specified for the soil-cement 
varied from standard (AASHO T-99) to 90 percent of standard. 

Field tests used to control moisture content and density were the foUowing: feel and 
squeeze cast, field moisture-density, alcohol drying. Speedy Tester (calcium carbide 
method), sand volume, balloon volumeter, oil in hole volume method, Washington Denso-
meter, core cutter for density and nucleodensimeters. 

The maximum compacted thicknesses of soU-cement that can be constructed in one 
l i f t were 6, 7, and 8 in. Many have used double-lift thicknesses of 3, 4, 5, and 6 in. 
with satisfactory results. Some have used combinations of 4 and 5 in. and 4 and 6 in. 
Germany reports 9 and 10 in. total has been used. The Netherlands reports good re
sults with 2 layers of cement stabUized sand, each 6 in . thick, jwith a 2-in. sand layer 
in between. [ 

Soil textural type does and does not influence thickness of construction in one l i f t . 
Dune sand was reported to be difficult to stabUize with cement in one reply to the ques
tionnaire; yet, another replied that dune sand can be stabilized with cement by com
pacting with a pneumatic roUer, a vibrating beam and a 1-wheel vibratory roUer. Oth
ers reported: the greater the cohesion; the thinner the l i f t ; greater thicknesses can 
be built in cohesionless soUs; and, soU textural type does not influence thickness up 
to 8 in . 

Time intervals permitted between completion of mixing and completion of compac
tion were quite variable. Some reported continuous operations and uninterrupted finish; 
others ranged from 30 min after water is added to 6 hr; one reported absolute mini
mum to 30 min; and, those using the Howard Train reported no problem with a time 
interval of from 1 to 5 hr. 

Among the major precautions to be observed in soU-cement construction are these: 
adequate mixing and pulverizing; uniformity of mixing depth; proper moisture content, 
cement distribution, compaction and finishing; obtain design density; stable subgrade; 
eUminate questionable soils; don't aUow mixture to dry before applying curing mate
rial ; adequate equipment and maintenance, properly trained personnel, supervision 
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and inspection; elimination of compaction planes; avoid excessive final trimming or 
recompacting trimmed material; and, as one respondent succinctly reported "too 
many," 

Construction seasons for soU-cement covered al l months of the year. Most agreed 
that winter weather conditions and rain should be avoided, and the majority reported 
that soU-cement should be constructed when the minimum temperature is 40 F and 
rising. 

The typical unit cost (dollars per sq yd of 6-in. compacted thickness) of soil-cement 
varied greatly, ranging from $0.38 to $2.00. As many stated in their repUes, the 
cost depends on the type and availabUity of material, length of haul, depth and method 
of processing and the amount of cement used. 

CURING 
AU methods have been used for curing soU-cement: wet earth, wet straw, sprink

ling with water (varying from a light fog spray tiU curing seal is applied to specified 
amounts for specified periods), paper and plastic Al l kinds of bituminous seals were 
reported ranging generally in amount from 0.10 to 0,20 gal per sq yd. A majority wet 
soU-cement before applying bituminous material. The amount used ranged from a 
light fog coat to saturation to f iU all voids. Many cover bituminous material with ag
gregate, using sand, quarry fines, cover coat, crushed stone or gravel with gradation 
limitations and control. Other curing methods reported were from Australia where 
petroleum tar is used where available, as unsatisfactory results were experienced with 
light coal tars. France reported that some curing compounds were used on concrete. 

The period of curing soU-cement before applying final-type wearing surtace and be
fore opening to traffic was also extremely variable. The minimum time interval spec
ified for curing was 3 days with immediate opening to traffic; the maximum time inter
val for curing was 6 months, with variations in between the minimum and the maximum. 
The Netherlands reports that they prefer to apply a binder course or surtace dressing 
on completing the soU-cement construction, whereas the final-t3npe wearing surtace is 
applied after a period of about 6 months or more (by preference including a winter 
season). 

Additional remarks on curing were: protect from freezing, have adequate water dis
tributing equipment, and curing and priming in one operation. 

SURFACING 
Surfacing requirements for soU-cement paving on primary roads varied in the same 

manner that thickness design varied. Types of surfacing ranged from bituminous bin
der and seal coat to plant mix asphaltic concrete. Thicknesses ranged from V2 in. to 
6 in . Surfacing requirements on secondary roads were similar to those on primary, 
except that thicknesses ranged only to 4 in. maximum. Urban roads were similar to 
both primary and secondary. Minor applications of prime and seal, single or double 
surface dressing and thicknesses to 3 in. were reported for airports, parking lots and 
shoulders. 

The soil type stabilized did and did not influence the wearing surface requirements. 
On cohesive soils a single surface treatment was used before applying plant mix. The 
sou type only influences the type of primer and rate of appUcation. Concrete pavement 
thickness can be reduced from 9 to 8 in. when soU-cement is used. The soU type does 
not influence the wearing surface requirements when the determining factors are traf
fic density and tjrpe or when concerned with only one soil type. 

PERFORMANCE 
In general, soil-cement is a satisfactory paving material. A few qualifications re

ported were: not satisfied with cracking; where there is limited traffic; major condition is 
presence of a subsoil with a satisfactory bearing capacity; on shoulders soU-cement 
is good if subdrainage is provided; on airports soU-cement is good for light aircraft 
up to DC-3. Other suggested uses for soU-cement were: suitable for factory floors. 



149 

playgrounds, footpaths, cycle paths, tennis courts, erosion control of coarse sand a-
long the beach of a large river, ditch linings and dam and levee faces. 

Cracks that have developed in soil-cement pavements vary with soil type. They are 
shrinkage, transverse (varying distances apart), block or irregular, large and well-
spaced with more than 5 percent cement, longitudinal, rectangular, ladder and alligator; 
old bases are honeycombed, new bases are hairline. They occur from 1 day to 5 years 
after construction, and their occurrence varies with temperature, f i rs t cold weather 
and f i rs t winter. Transverse cracks occur soon after construction and are due to 
shrinkage from hydration of cement. Ladder and longitudinal occur following prolong
ed periods of cold weather. Single longitudinal cracks must be caused by insufficient 
resistance of the unstabilized shoulders or settlements of the subsoil. 

Crack patterns appear to be related to the soil textural types stabilized. In gravels 
they are fine, and not regular in sands they are of the regular block type. Cohesive 
soils develop more honeycomb, and crack patterns occur more in clayey than granular 
soils. The finer the texture, the closer the crack pattern. Such patterns may be 
caused by shrinkage in drying. Compaction seems to affect the crack pattern. 

Those who have found that cracking of soil-cement is deterimental to structural in
tegrity state that cracks let water into the soil-cement and the subgrade; closely-
spaced cracks lead to early faUure; block pattern cracks permit movement which is 
transmitted to the wearing surface, causing the mat to be broken up; they cause pump
ing; longitudinal, ladder and aUigator cracks are unsightly. Those who have found 
that cracking of soU-cement is not detrimental to structural integrity state that widely-
spaced cracks do not affect strength; cracking denotes adequate rigidity; they do not 
penetrate all the way through the base; cracking indicates good curing; soU-cement 
acts as a semi-rigid base, not as a slab; the cracks observed were caused by a spongy 
subgrade. 

Various ways of eliminating or minimizing crack formation are: reduce the amount 
of cement used to below 3 percent and use a mixture of cement and fly ash; keep ce
ment contents low; control moisture content; delay placement of mat and use drag 
treatment; use good curing methods; don't construct in hot weather; high penetration 
asphalts minimize cracking; use sufficient cement; central plant mix jobs look better; 
compact at or sUghtly below optimum moisture content; compact on the dry side of 
optimum; multiple surface treatment helps; early traffic makes cracking less appar
ent; use weU-graded aggregates and obtain higher densities. 

Delayed placement of the final bituminous wearing surface minimizes "reflection" 
Clacks and may help delay the occurrence of such cracks, but does not eUminate them. 
Such cracks occur on bituminous overlays on old concrete pavements. Possibly a 4-in. 
layer of crushed gravel between the soU-cement and the bituminous surfacing wUl elim
inate such cracking. 

The Netherlands reports that, by placing the bituminous wearing surface % to 1 year 
after placement of the binder course or a single surface dressing, the cracks, due to 
shrinkage, temperature influences, traffic loads and settlements, wil l occur and their 
detrimental effects, if any, wiU be passed when placing the final surface. 

The major maintenance operations required for soil-cement pavements are: routine 
surface treatments, bituminous re-sealing, crack fUling, leveling, positive drainage 
through the shoulders where needed, and are generaUy due to thin original surfacing. 

Maintenance costs for soU-cement pavements ranged from very low, $60.37 per 
mile, to medium, $398 annuaUy and $650 per mUe average per year for 4 years, to 
high, $153 per mUe. One report stated $4,000 per mUe every 4 to 6 years. 

RESEARCH 
SoU-cement research and development programs that are in progress or in the 

planning stage are the following: attempted correlation of strength tests with brush 
tests; relationship of cracking and lineal shrinkage of natural material used, place
ment of cement-treated base directly on subgrade with a layer of untreated surfacing 
between the cement-treated base and the wearing course to minimize reflection crack
ing; continuing study of performance; cement in sulfate soils; use of additives CaCk 
and Ca(OH)a; test results of materials used in soil-cement construction over the years 
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are being analyzed f o r comparison with the short-cut method of testing and to deter
mine whether cement content could be predicted on the basis of gradation in granular 
materials; i n an area where sand clay topping material is scarce, treated top 6 i n . 
of embankment so i l (A-6-7) with hydrated l ime , then added portland cement to f o r m 
a 6- in. compacted layer used as the subbase, obtaining better than 65 percent pulver
ization (passing No. 4); continued evaluation of electrical conductivity method of de
termining cement content; performance studies on existing soil-cement bases, r e 
lating performance to subgrade, gradation, percent cement and wearing courses; i n 
vestigation of durability of soil-cement and methods of assessing durability by labor
atory tests; measurement of mechanical and elastic properties of soil-cement cover
ing a range of soils; simplification of testing methods and procedures; influence of 
water content, compaction and cement content to durability and compressive strength 
of soil-cement; influence of prolonged mixing; f ros t resistance of soil-cement made 
of cohesive soil which is modified with l ime before mixing with cement; investigations 
on additives to soil-cement; competititve tests using different types of cement, i n 
cluding Pectacrete Cement(hydrophobic); the question "f lexible or r ig id?" ; the con
struction of joints; the problem of organic matter, the nature of the harmful effects, 
and how to counterattack them; and, the question of shrinkage due to hydration and 
temperature influences. 

Some of the needed areas of soil-cement research and development are: el imina
tion and prevention of detrimental cracking and surface slippage; control of random 
cracking; means of pulverizing soils; improvement on freeze-thaw test; better and 
more practical laboratory tests; service records, a rational design method s imi lar 
to Portland cement concrete and faster methods f o r determining cement contents; 
pavement thickness design or performance ratio to other types of base courses; con
struction methods and/or equipment which w i l l eliminate the need f o r f ina l t r imming; 
investigation of inter-relationship of molding water content, density and compressive 
strength; and, the influence of drainage to durability of soil-cement roads. 
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QUESTIONNAIRE ON SOIL-CEMENT STABILIZATION 

Note 1: In this questionnaire soil-cement is considered to be a hardened material f o r m 
ed by curing a mechanically compacted intimate mixture of pulverized soi l , 
Portland cement and water. Durability and/or compressive strength are the 
common c r i t e r i a f o r hardness. The standard f o r hardness varies. 

Note 2: The te rm soil , in addition to i ts usual connotation, may include mineral aggre
gate materials produced f r o m quarries, gravel pits and industrial plants, or 
mixtures of so i l and aggregate. 

1. GENERAL 
a. Have you used soil-cement? Date of f i r s t usage: 
b. How many miles (or square yards) of soil-cement paving have you built? 

(1) Primay roads: Base , Subbase , Shoulder * 
(2) Secondary roads: Base , Subbase , Shoulder* 
(3) Urban roads: Base , Subbase 
(4) Subdivision streets: Base , Subbase 
(5) Ai rpor t s : 

(a) Runways: Base , Subbase , Shoulder*^ 
(b) Taxiways: Base , Subbase , Shoulder* 
(c) Aprons: Surface , Base , Subbase 
(d) What classes of airports? 

(6) Parking lots: Surface , Base , Subbase 
c. What are the general geographical locations of your soil-cement jobs? 

(1) In this region the average annual ra infa l l i s : inches, average winter 
temperature: ^"F , average summer temperature: ° F , average 
f r o s t penetration: finches. 

(2) Other pertinent climatic information: 
* I t w i l l be assumed that soil-cement shoulders were surfaced unless otherwise indicated. 
2. MIX DESIGN 

a. What gradation l imi t s include a l l the soils used in your soil-cement jobs? 
Sieve Analysis Hydrometer Analysis 

0 

Particles 
Sieve size % passing Smaller than % 

2-inch to 0.074 mm t̂o 
iVi-inch t̂o 0.005 mm to 
7; 4-inch to 0.001 mm to" 
%-inch to 
No. 4 (4.76 mm) to 
No. 10 (2.00 mm) t̂o 
No. 40 (0.42 mm) t̂o~ 
No. 100 (0.149 mm) t̂o" 
No. 200 (0.074 mm) t̂o~ 
What ranges in Atterburg l imi t s include a l l the soUs used in your soil-cement 
jobs? 
(1) Liquid l i m i t : to 
(2) Plastic l i m i t : to 
(3) Plasticity index: t̂o 
(4) Shrinkage l i m i t : ^to' 
What chemical constituents of soils have you found harmful to soil-cement? 
(1) Organic matter: more than %. Kinds: 
(2) Sulfates (SQs): more than %. Kinds: 
(3) Other: 
(4) What was the nature of the harmful effects? 



152 

(5) Have you developed successful methods of combating the harmful effects? 

What other physical or, chemical properties of soils do you use to determine 
suitability of soils f o r soil-cement (For example—pH) ?_ 
What types of portland cement were used in your soil-cement? 
(1) In your experience which type(s) is most satisfactory? 

Why? 
What laboratory strength and/or durability tests were used in the mix design 
of your soil-cement? (K tests are not standard methods please attach a de
tailed description of the preparation, curing, and testing of test specimens.) 

In evaluating the results of laboratory tests of soil-cement mixtures, what 
c r i t e r ia of strength and/or durability were used in determining cement re 
quirements ? 

Did you use soi l classification systems or other short cut procedures f o r de
termining the cement requirements f o r your soil-cement? (H you have estab
lished cement requirements f o r classification units, please attach a table 
showing the correlation.) 

In your geographical area, what is the maximum cement content f o r soil-ce-
ment to be economically competitive with alternate methods of paving con
struction? (Express cement content as percentage of dry soil 's weight.) 

j . Additional remarks on mix design:_ 

THICKNESS DESIGN 
a. What soil-cement thicknesses were used in your jobs? (Please tie in with 

answers to question l b . ) 

b. What method(s) of thickness design did you use f o r soil-cement? (Please at-
tach detailed description of your method(s) or give references to publications.) 

c. Do you use thinner construction with soil-cement than with alternate forms of 
construction such as macadam (rolled stone), soil-aggregate or soi l -bi tumin
ous? . If answer is yes, please explain: 

d. Additional remarks: 

CONSTRUCTION 
a. What proportion of your soil-cement was constructed by mix-in-place methods? 

% . By stationary plant methods? % . 
b. What kinds of machines did you use f o r soil-cement construction? 

(1) With cohesionless soils 
(a) For preparing the soil-cement mixture: 
(b) For compacting the soil-cement mixture:_ 

(c) For finishing operations:_ 

(2) With cohesive soils 
(a) For preparing the soil-cement mixture: 
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(b) For compacting the soil-cement mixture: 

(c) For finishing operations: 

c. Are you satisfied with the capabilities of the machines used in your soil-ce-
ment construction? 
(1) With cohesionless soils: 
(2) With cohesive soils: 
(3) Additional remarks on limitations and needed improvements:_ 

d. How finely did you attempt to pulverize cohesive soils before mixing with ce
ment ? _ _ _ _ _ 

e. How did you control uniformity of mixing soil and cement? 

f. What moisture content did you attempt to achieve in the soil-cement mixture 
p r io r to compaction? 

g. What density did you specify f o r the soil-cement? 
h. What f i e ld tests did you use to control moisture content and density? 

i . In your experience, what is the maximum compacted thickness of soil-cement 
that can be constructed in one l i f t ? 
(1) Have you used double-lift construction? 
(2) K so, how thick and with what results? 
(3) Does soi l textural type influence thickness of construction in one l i f t ? 

j . What maximum time interval do you permit between completion of mixing and 
completion of compaction? 

k . Based on your experience, what are the major precautions to be observed in 
soil-cement construction? 

1. What is your construction season f o r soil-cement? 
m . What is a typical unit cost (dollars per sq. yd. of 6 inches compacted thick

ness) of soil-cement in your area ? 

5. CURING 
a. What methods of curing soil-cement did you use? 

(1) Wet earth:^ 
(2) Wet straw: 
(3) Sprinkling with water: ^Amount per application_ 

Number of applications per day 
(4) Paper:_ 
(5) Plastic: 
(6) Bituminous seal 

(a) Kind(s): 
(b) Amount: 
(c) Do you wet soil-cement before applying bituminous material? 

ff so, how much water? " 
(d) Do you cover bituminous material with aggregate ? 

ff so, what kind(s), gradation and amount? 

(7) Other curing methods: 
How long did you cure soil-cement, before applying final-type wearing sur
face? 
Before opening to t r a f f i c ? 

c. Additional remarks on curing: 
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6. SURFACING 
a. What are your surfacing requirements f o r soil-cement paving? (Please give 

type of bituminous mix or treatment, kind and grade of bituminous material , 
if surface treatment or seal coat, amount of bituminous material and cover 
aggregate, approximate thickness of bituminous wearing surface.) 
(1) On pr imary roads: 
(2) On secondary roads: 
(3) On urban roads: 
(4) On subdivision streets:_ 
(5) On airports 

(a) Runways: 
(b) Taxiways: 
(c) Aprons: 

(6) On parking lots:_ 
(7) On shoulders: 

b. b i d soi l type stabilized influence the wearing surface requirements ? 
Explain: 

7. PERFORMANCE AND MAINTENANCE (Please attach copies of any fo rmal re 
ports, performance records, core strengths, in-placie strengths, etc. that you 
may have and can release) 
a. Based on your performance and maintenance records is soil-cement a satis

factory paving material? 
(1) For pr imary roads 

(a) Base: , Subbase: , Shoulder: 
(2) For secondary roads 

(a) Base: , Subbase: , Shoulder: 
(3) For subdivision streets 

(a) Base: , Subbase: 
(5) Airports? 

For a i rpor t runways 

m rL^Tss-- ^^-^ 

b. Have cracks developed in your soil-cement pavements:_ 
(1) K so, what is the crack pattern ?_ 
(2) How soon after construction did the cracks appear? 
(3) Does the crack pattern appear to be related to soil textural type stabilized? 

(4) ff so, in what way ? 
(5) Have you found that the cracking of soil-cement is detrimental to structu

r a l integrity? Explain: 
(6) Do you know of a way of eliminating or minimizing crack formation? 

(7) Does delayed placement of the f ina l bituminous wearing surface eliminate 
"reflection" cracks? 

c. What are the major maintenance operations required f o r your soil-cement 
pavements ? , 

d. Are vour maintenance costs f o r soil-cement pavements very low , low 
, medium , or high . It possible, give typical cost per mile : 
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RESEARCH 
a. Please outline soil-cement research and development programs that you have 

in progress or in the planning stage. 
b. Please indicate what you consider to be needed areas of soil-cement research 

and development and l i s t any available publications which deal with the proper
ties or hardening mechanism of soil-cement. 



156 

RESPONDENTS TO QUESTIONNAIRE 

Alabama: 

J . A . Hester 
Assistant Testing Engineer 
Alabama State Highway Department 
Montgomery 4, Alabama 

Alaska: 

Lee D. Hubbard 
Dis t r ic t Engineer 
Alaska Division of Highways 
Department of Public Works 
P.O. Box 1361 
Juneau, Alaska 

Arizona: 

W.G. O'Harra 
Engineer of Materials 
Arizona Highway Department 
Phoenix, Arizona 

Arkansas: 

E. L . Wales 
Engineer of Materials and Tests 
Arkansas State Highway Department 
New Highway Building 
L i t t l e Rock, Arkansas 

California: 

F . N . Hveem 
Materials and Research Engineer 
California Division of Highways 
5900 Folsom Boulevard 
Sacramento, California 

Colorado: 

E .G . Swanson 
Staff Materials Engineer 
Colorado Department of Highways 
4340 East Louisiana Avenue 
Denver 22, Colorado 

Connecticut: 

R . T . Healy 
Engineer of Materials 
Connecticut State Highway Department 
State Highway Laboratory 
Portland, Connecticut 

Delaware: 

Wi l l i am J . Kenis 
Assistant Testing Engineer 
Delaware State Highway Department 
P.O. Box 711 
Dover, Delaware 

Florida: 

H .C . Weathers 
Engineer of Materials and Tests 
Division of Tests 
State Road Department of Florida 
Gainesville, Florida 

Georgia: 

Hawaii: 

H . T . Tateishi 
Materials Testing Engineer 
Hawaii State Highway Department 
Aliiaimoku Hale 
869 Punchbowl Street 
Honolulu 13, Hawaii 

Idaho: 

L . F . Erickson 
Materials Engineer 
Idaho Department of Highways 
603 Main Street 
Boise, Idaho 

I l l inois : 

J . D . Lindsay 
Engineer of Materials 
I l l inois Division of Highways 
126 East Ash Street 
Springfield, I l l inois 

Indiana: 

W. T. Spencer 
Soils Engineer 
State Highway Department of Indiana 
State House Annex 
Indianapolis 9, Indiana 

Iowa: 

A . F . Faul 
Materials Engineer 
Iowa State Highway Commission 
Ames, Iowa 
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Kansas: 

V . R . Weathers 
Engineer of Materials 
State Highway Commission of Kansas 
Topeka, Kansas 

Kentucky: 

O .F . Threlkeld 
Assistant Director of Materials 
Kentucky Highway Department 
Frankfort , Kentucky 

Louisiana: 

H. L . Lehmann 
Testing and Research Engineer 
Louisiana Department of Highways 
P.O. Box 4245, Capitol Station 
Baton Rouge, Louisiana 

Mississippi: 

H.O. Thompson 
Testing Engineer 
Mississippi State Highway Department 
P. O. Box 1850 
Jackson, Mississippi 

Missouri : 

W.G. Jones 
Senior Engineer I I 
Missouri State Highway Commission 
Jefferson City, Missouri 

Montana: 

R . H . Gagle 
Materials Engineer 
Montana Highway Commission 
Helena, Montana 

Maine: 

Frederick M . Boyce, J r . 
Soils Engineer 
Maine State Highway Commission 
Soils Lab. , B-1 Lord Hall 
University of Maine 
Orono, Maine 

Maryland: 

J . E . Wood 
Chief, Bureau of Soils and Materials 
Maryland State Roads Commission 
520 Albermarle Street 
Baltimore 2, Maryland 

Massachusetts: 

J . E . O'Neil 
Research and Materials Engineer 
Massachusetts Department 

of Public Works 
99 Worcester Street 
Wellesley Hil ls 81, Massachusetts 

Michigan: 

W.W. McLaughlin 
Testing and Research Engineer 
Michigan State Highway Department 
Lansing 26, Michigan 

Minnesota: 

R. L . Adams 
Base and Grading Engineer 
Minnesota Highway Department 
St. Paul 1, Minnesota 

Nebraska: 

Wi l l i am M . Carver 
Engineer of Materials and Tests 
Nebraska Department of Roads 
Lincoln, Nebraska 

Nevada: 

F . H . Morrison 
Chief Materials and Research Engineer 
Nevada Highway Department 
Carson City, Nevada 

New Hampshire: 

Pau l s . Otis 
Materials and Research Engineer 
New Hampshire Department 

of Public Works and Highways 
Concord, New Hampshire 

New Jersey: 

A . M . Crea, Sr. 
Principal Engineer (Soils) 
New Jersey State Highway Department 
1035 Parkway Avenue 
Trenton, New Jersey 

New Mexico: 

L . G . Boles 
Administrative Assistant to Materials 

and Testing Engineer 
New Mexico State Highway Department 
P.O. Box 1641 
Santa Fe, New Mexico 
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New York: 

Sidney Mintzer 
Associate Soils Engineer 
Bureau of Soil Mechanics 
New York State Department 

of Public Works 
State Office Building 
Albany, New York 

North Carolina: 

L . D . Hicks 
Chief Soils Engineer 
North Carolina State Highway 

Commission 
Raleigh, North Carolina 

North Dakota: 

Reuben Reich 
Materials Engineer 
North Dakota State Highway Department 
4th Floor, Capitol Building 
Bismark, North Dakota 

CHiio: 

R. R. Litehiser and J . G. Joslin 
Respectively, Engineer of Tests and 

Engineer, Soil Section 
Ohio State Highway Testing Laboratory 
Ohio State University Campus 
Columbus 10, Ohio 

Oklahoma: 

G .E . McCamy 
Materials Engineer 
CHdahoma Department of Highways 
Materials Laboratory 
Capitol Office Building 
(Mahoma City 5, CMahoma 

Oregon: 

G.W. Harra 
Engineer of Materials 
Oregon State Highway Department 
Salem, Oregon 

Pennsylvania: 

R.W. Lerch 
Chief Soils Engineer 
Pennsylvania Department of Highways 
1118 State Street 
Harrisburg, Pennsylvania 

Rhode Island: 

Anthony R. Healy 
Senior Civ i l Engineer (Materials) 
Rhode Island Department 

of Public Works 
Division of Roads and Bridges 
#231-A State Office Building 
Providence, Rhode Island 

South Carolina: 

L . W . Heriot 
Materials Engineer 
South Carolina State Highway Department 
Columbia, South Carolina 

South Dakota: 

E . B . McDonald 
Acting Materials Engineer 
South Dakota Department of Highways 
Pierre , South Dakota 

Tennessee: 

Edward Burchett 
Engineer of Materials and Tests 
Tennessee Department of Highways 
Division of Materials and Tests 
2200 Charlotte Avenue 
Nashville, Tennessee 

Texas: 

A . W . Eatman 
Materials and Tests Engineer 
Texas Highway Department 
Austin, Texas 

Utah: 

D. F . Larsen 
Chief Materials Engineer 
State Road Commission of Utah 
State Capitol Building 
Salt Lake City, Utah 

Vermont: 

Milan W. Lawson 
Soils Engineer 
Vermont Highway Department 
Montpelier, Vermont 

Virginia : 

A . B . Cornthwaite 
Materials and Tests Engineer 
Virgin ia Department of Highways 
1221 East Broad Street 
Richmond 19, Virginia 
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Washington: 

Roger V. LeClerc 
Soils Engineer 
Washington State Highway Commission 
P.O. Box 167 
Olympia, Washington 

West Virginia : 

D .C . Long 
Inspector, Soils Mechanics Branch 
State Road Commission of West Virginia 
1340 Smith Street 
Charleston 1, West Virginia 

Wisconsin: 

J .R. Schultz 
Engineer of Materials 
Wisconsin State Highway Commission 
State Office Building 
Madison 2, Wisconsin 

Wyoming: 

James M . Desmond 
Assistant State Materials Engineer 
Wyoming State Highway Department 
Cheyenne, Wyoming 

Australia: 

G. C. Page 
Highways Engineer 
Cement and Concrete Association 

of Australia 
14 Spring Street 
Sydney, Australia 

Braz i l : 

Massinet Sorcinelli 
Chief, Technological Research (Bridges) 
Departament de Cetrodae de Rodogem 

do Cetodo de S. Paulo 
Rua Wenceslau Braz 
nQ 175-102 andar 
Sao Paulo, Braz i l 

England: 

D . J . Maclean and D. Raymond Sharp 
Respectively, Head of Soils Section, 
Road Research Laboratory, Department 
of Scientific and Industrial Research, 
Harmondsworth, Middlesex, England; 
and Roads and Public Works Department, 
Cement and Concrete Association, 
52 Grosvenor Gardens, 
London SW 1, England 

France: 

M . Peltier 
Director of Central Laboratory of 

Bridges and Roads 
58, boulevard Lefebvre 
Paris 15, France 

Germany: 

Rupert L . Springenschmid 
Dip l . - Ing . Dr . - techn. 
Verein Deutscher Zementwerke 
(Forschungsinstitut der Zement-

industrie) 
Tannenstr. 2-4, Cusseldorf, Germany 

The Netherlands: 

A . A . van der Vl i s t and F . A . van der 
Sluis 

Respectively, Information Section, 
Dutch Cement Industries, 507, Heren-
gracht, Amsterdam-C, The Netherlands; 
and Chief Ei^ineer, Netherlands Land 
Development and Reclamation Society, 
1, Sickeszplein, Arnhem, The Nether
lands 

New Zealand: 

B. O. Yout^ 
Pavements Engineer 
New Zealand Portland Cement Associ

ation 
P.O. Box 969 
Wellington, New Zealand 

Puerto Rico: 

Juan M . Ol iv ie r i 
Chief, Materials Testing Division 
Puerto Rico Department of Public Works 
Box 8218 
Santurce 29, Puerto Rico 

A f r i c a : 

R.S. Mi l l a rd 
Head of Tropical Section of the Road Re

search Laboratory 
Road Research Laboratory 
Harmondsworth, Middlesex, England 



l a l b l b 1 b 
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1 b 
M 

1 b 

Base (1) 
Subbase Shoulder Base Subbase Shoulder Uu , 

Base Subbase 
Base Subbase 

Alabama Yes 1940 Statistics 
not available 

X z X X - - X -

Alaska - - - - " 

Arizona 

Arkansas 

Yes 

Yes 

Summer 
1957 
1938 

- _3a 

26 -
Slopes % 2.2 

70 - -

2.3 

3 - -

California Yes 1937 - _ 6 1 - - - - - - - -

Colorado Yes 1953 - Not for 
hardened base 

- Not for 
hardened base 

- - -

Connecticut _ u « - - - - -
Delaware Yes 1941 30 - - X X - - - - -

Florida Yes 1938 15 X - - X - - - - -

Georgia Yes Summer 
1938 

- JM - 284 - - 18 390 -

Hawaii No 

Summer 
1938 

- - - - - - - - -
Idaho Yes 1954 - 18 - 9 13 - 13 - - -

Illinois Yes 1939 -• 12.3 None None 282 None 791,000 None 
sq yd 

Inf. not 
avail. 

-

Indiana Yes 1941 - - 4,700 f t 700 f t 
(exp ) 

25 - _130 

Iowa Yes 1937 - 65 - - 4 

Kansas Yes 1938 82 - - 5 - - - - -

Kentucky Yes 1938 - - - - 139.7 - - - 35,125 
sq yd 

-

Louisiana Yes 1939 - 33 107 36 1,234 None 4 29 None Not 
applicable 

-

Maine Yes 1940 - - - 2,000 
sq yd 

7.5 

Maryland Yes 1938 - - 12.42 

Massachusetts _a7B - - - - - - - - - - -
Michigan _av - - - - - - - - - - -

Minnesota Yes 1941 - 26 - - 116.3 - - - - -

Mississippi Yes 1939"* - - _41B _41B - - - - -

Missouri Yes 1936 - 85.7 - - 7.2 - - - - -

Montana Yes July 
1957 

- 42.4-
l ' / 4 in. 

None Unsurfaced 6.0-
2 in. 

None Unsurfaced 48.4 None None -

Nebraska Yes 1939 - 77 - - * 

Nevada Yes 1949 _B10 6% - 6% 2 - 2 - - -

New Hampshire 

New Jersey 

Yes 

Yes 

Sept. 
1958 
Oct. X X 

14 mi 
(19,663 sq yd) 
122,011 sqyd 51,877 

an vA 
X X X X X X 



New Mexico 

New York 

Tes 

Yes 

1957 

1946 : 349 
(4,915,000 sqyd) 

3 

261,000 
sqyd : 165,000 

sq yd 
- 203,000 

sq yd 
77,000 
sq yd 

- -

North Carolina Yes 1937 - - - - 800+ - - _ _ _ 

North Dakota 

Ohio 

Yes 

Yes 

July 6, 
1955 
1939 

- 20.02 

% 

1.2 

116 26 

- _<]a - - - -

Oklahoma 

Oregon 

Yes 

No 

About 
1940 

- 74 None 13 14 None None 42 None Inf. not 
avail. 

-

Pennsylvania Yes 1937 - - - 73 176 - - _ _ _ 

Rhode Island No - - - - - - - -
South Carolina 

South Dakota 

Yes 

No™ 

Dec. 
1933 

- 61.9 7,8 8.6™ 19.4 - 2.4 - - -

Tennessee Yes 1936 - 125 - 3 160 - - _ _ _ 

Texas 

Utah 

Yes 

Yes 

(Approx.) 
1938 
1940 

_TB4 754 

119 

Dit. Sys. 
222 

8.5 X 

-
40 

422 

X X 

- -

Vermont Yes 1953 - - - - 11 - - _ _ 1 _ 

Virginia Yes 1936 - 56 22 12 260 - - 25 _ 20 
Washington 

West Virginia 

Yes 

Yes 

(E]q)erimental) 
1938 
1946 

* 397"' 

0 

^836 

0 0 

37~' 

85 

x ~ 8.8"' - - - -

Wisconsin Yes 1936 - 38 - - - - - _ _ _ _ 

Wyoming 

Australia 

Yes 1952 269 - 13 - - 16,400 
sq yd 

- - 98 

BiazU 

England 

France 

Yes 

Yes 

Yes 

1955 

Before 
1939 
1940 

-
600 

142 750,000 

No 

0 

28 

37.2'°" 

No 
giosa 

Not 
surfaced 

Q l O M 

71 (see 
B4) 
0 

No 

0 0 

No 

0 
Germany Yes 1936 - Autobahn 100 - - - - 10 _ 500 _ 

The Netherlands 

New Zealand 

Yes Apr, 
1956 

- _ ioeB - - - 75,000 
sqyd 

- No special 
application 

-

Puerto Rico 

West Africa 

Yes 

Yes 

July 
1957 
1955 

- - - Municipal 
1.1 

_ 1 1 M 

- - - -

Central Africa 

East Africa 

Yes 

Yes 

1955 
or earlier -

-1959 

_uaa 

Probably 

_IIB3 - -
_ U M 

_ U M 

_ U 8 4 

_ 1 1 M 

_ U M 

- - - -

100 
Por footnotes see page 186. 



ib lb lb lb 

Subtiaae Shottlder Base Subbase Shoulder Surface Base Subbase 

lb 

Surface Base aibbase 

Alabama 

Alaska 

Arizona 

Arkansas 

California 

Colorado 

Connectleut 

Delaware 

Florida 

Georgia 

HawaU 

Idaho 

nilnols 

T m ^ ^ a n a 

Iowa 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Mldiigan 

Minnesota 

MlBSlsstrol 

Missouri 

Montana 

Nebraska 

Nevada 

New Banpshlre 

New Jersey 

57 

Inf. not 
avaU. 

91,250 
sqyd 
Not 

aiiplicable 

None 

SO 35 177 BUUtary and 
commercial 

108 

Int. not 
available 

Secondary 124,300 

None 

South &nd 

East. %-
plains ar. 

Al l over 
state 

S.W. and 
S.E. 

Throughout 
the state 

Central and 
N.E. 

»m 

Sbtswide 

Coastal 

Coastal and 
Piedmont 

North West and 
SouthCentral 

North-Central 
and Eastern 

N.E. 



New Mexico 

New York 

North Carolina 

North Dakota 

Ohio 

Oklaboma 

Oregon 

Pennsylvania 

Rhode Island 

South Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 

Australia 

BrazU 

England 

France 

Germany 

Do not 
participate 

25,000 
sqyd 
214 

11 

Int. 
171 

75,000 
sqyd 

The Netherlands No 
application 

New Zealand 

Puerto Rico 

West Africa 

Central Africa 

East Africa -

4,000 
sqyd 

6,000 
sqyd 

Secondary 100,000 
sqyd 

Arid to 
mountainous 

BIS 

_«Q5 

South Eastern 

Scattered 

Western 

N.W. 

West. 

Statewide 

VaUeysof 
Wasatch Mts. 

Tidewater and 
Piedmont 

Etieciftc North
west 

Central and 
W. Central 

N.E. andS.W. 

Tableland 

14 No 50,000 
sqyd 

No No 50,000 
sqyd 

No 

MiUlary 

For footnotes see page 186. 



Ic 
H E 

Ann. 
BainfaU 

(in.) 

Winter 
Temp. 
(M 

sum. 
Temp. 
(M 

Frost 
Pen. 
(In.) 

Alabama 62 so 80 0-3 

Alaska - - - -
Arizona - - - -
Arkansas 50 44 80 0-3 

California 

Colorado 

2-104 

15 

0-40 

32 

70-110 

68 

None In 95^ 
of^^ys . 

Connecticut - - - -
Delaware - - - -
Florida 52 59 81 1-2 

Georgia 50 48 80 0-6 

Hawaii - - - -
Idaho 13 15 80 24 

nUnols 40 26 76 25 

Indiana 33-45 30 75 6-40 

Iowa 

Kansas 

Kentucky 

(Ames) 
31.4 

29(range is 
23 - 36 In.) 

39 

(Ames) 
23 
32 

(Ames) 
73 
76 

(Ames) 30 
(40 max) 

No Informa
tion 

Louisiana 56.5 S4.5 81.4 None 

Maine 40 20 67 12-20 

Maryland 44.3 37.3 75.6 20 

Massachusetts - - - -
Michigan - - - -
Minnesota 

Mississippi 

Missouri 

33 

SO (over 54-
yr period) 

40 

20 

39 

35 

70 

81 

77 

401nSouth-
721nN.W. 

20 excepts. 

Montana 

Nebraska , 

11.67-
13.90 
25-28 

20.5 

20-25 

64.3 

75-80 

84 

25-35 

Nevada 9 20 60 0 

New Hampshire 40 22 70 36-48 

New Jersey 40-45 30 80 0-12 

Ic 
TIE 

Temp, extremes 
-20' - 115»F 

Moderate 

Range from 
-20°F-100°F 

No frost 
action 

Frequentfreeze-
thaw cycles 

Avg snowfall 
60 In. 
Terao. range 

See 2B 

Class 
A1-A7 

2 in. 

100 

100 

Max size 
3 in. 

100 

To 100 

Represents 
10 projects 

95-100 

4-8 

I ' / i In '/« In. '/. In. No. 4 No. 10 No. 40 

To 100 

90-100 50-85 

95 

100 

100-96 

To 100 94-100 

90-100 

7-16 

To 100 

83-100 

To 100 

78-100 

10-22 

70-100 

60-100 

25-45 

To 100 

50-100 

100-77 

60-100 

50-100 

To 100 

90-100 73-100 

73-100 65-100 

35-55 

45-50 

30-80 

To 75 max 

No. 30 
10-25 

85-100 40-90 

100-70 

50-100 

100-59 

43-100 

75-100 

68-100 

44-100 

0-6 

40-65 

99-25 

26-99 

5-50 

65-90 

28-100 

63-100 

50-100 35-100 

32-43 

12-20 

10-40 



7^-92°F 
New Mexico 8-15 20-50 80-100 5-15 - 100 to 80-100 30-60 20-45 

New Yoi* 40 20 74 40 - 100 - 65-100 - -
North Carolina 

North Dakota 

50 

18.75 

36-48 

16.4 

68-80 

67 78 

Low temps, are 
for m f i n i n t n i n n 

-
100 to 

To 100 

95-100 

95-92 

92-100 

Ohio 38 31 72 20 - 86-100 81-100 60-100 34-100 25-100 20-100 

Oklahoma 8-25 37 82 14-22 - - - - 95-100 

Oregon - - - - - - - - - -
Pennsylvania 

Rhode Island 

(N.W.)41 26 70 25 3 in. 
100-100 

_ 

91-49 83-40 61-21 

South Carolina 48 48 80 0 - • - 90-100 85-100 - 65-100 -
South Dakota - - - - - - - - - -
Tennesse - 47 76 3-4 - - - 35-100 - -
Texas 

Utah 

Vermont 

10-55 

14 

33-60 

-20-^40 

77-84 

60-102 

0-1 

18 

Relative avg hu
midity, 44-76 
Rapid temp, 

changes 
_TB6 

100 

-
55-100 

- -

Virginia 

Washington 

West Virginia 

43 

E. 10, W. 
60"' 

56 

37 

E. 33W. 
41"" 
30-38 

72 

E. 70W. 
82"" 
68-76 

12 

E. 32W. 
2 0 " 

9 

_838 

AU soils 
used 

. To 100 

67.1-100.0 59.6-100.0 

90-100 65-90 

35.5-99.9 18.5-99.6 

40-75 

9.5-99.9 

30-60 

4.8-99.9 

13-36 

1.8-96.8 

Wisconsin 30 22 70 48 - - ' - 100 77-100 26-85 

Wyoming 

Australia 

15 27 85 36 Subject to quick 
clBDges 

(1-inch) 
to 100 

To 94 100-41 99-30 71-18 

Brazil 55 62 72 0 - - To 100 80-100 60-90 

England 

France 

25-35 

29.5 

43 (Nov.-
Apr.) 

32 

65(May-
Oct.) 

68 19.7 : Coarse-grained 35-100 80-100 
soils only _ia» 

65-100 55-100 40~ 30»* 15«-

Germany 30 31 62 0-50 - 0-20 0-30 0-40 0-50 0-60 0-75 0-85 

The Netherlands 30 (760 mm 36 62 27 _ l t S T . 1 0 « _I0O» _IQ00 .1009 .me .1009 . t o r n 

New Zealand - - - - - - - - - -
Puerto Rico 

West Africa 

74 70 

Also vary 

77 

Also vary 

- Tropical 
rn lon 

Grain size analysis: 81% fine gravel and sand, 

.1167 i j ^ T 90-100"" 

19% sUt-clay; AASHO Classification A- l -b (0) 

70-100"" 55-100"" 40-95"" 30-90"" 15-80"" 

Central Africa Also vary Alsovary - . 1 1 . 7 1 J 0 1 U 7 90-100"" 70-100"" 55-100"" 40-95"" 30-90"" 15-80"" 

East Africa _iim Also vary Alsovary - . 1 W 7 i jQim 90-100"" 70-100"" 65-100"" 40-95"" 30-90"" 15-80"" 
For footnotes see page l86. 



2a (conUnned) 2c 
I 3 L T I T 

2c 2c 2c 2c 
351 

Ilo. I M 0.074 mm 0.005 mm 0.001 mm % Kinds •—"7 
/o 

Kinds 

Alabama - - - - - A-2-A-4 
soils 

- - - - - - -
Alaska - - - - - - - - - - - - -
Arizona - 3-20 - - - - To 35 - To 15 - - - - - -
Arkansas - 10-90 - - - - 35 to NP - lOtO NP - - - - - -
California 

Colorado 20-40 

2-9 

10-30 

-
- - : Not used tor 

control 
None to 35 NPtol8 NPtoS Not deter

mined 

- Unknown 

-
0.2 

_100 

Connecticut - - - - - - - - - - - * - • * 

Delaware - To 95 - - - - - - - _1»T 

Florida - - - - - - - - - - - - - - -
Georgia - Chert 70, 

Reg. 45 
DoQ't use - - - to 40 - To 20(nor 

mal°12) 
- - 12-20 Acid - None 

Hawaii - - - - - - - - - - - -
Idaho - 5-15 Unknown - - - 20 to 40 - 0 to 5 - Unknown - - - -
Illinois 98-2 98-1 Not avail. - - - NPto 54 NI>to29 NPto2S - - None - None No"" 

Indiana - 5-97 5-97 1-72 0-23 - 14 to 43 14to28 NPto22 10 to 21 - - - -
Ibwa - - - - - - - - - - - - -
Kansas - - - - - - 16 to 50 15 to 25 0 to30 Not deter

mined 
No In 
formation 

- - - -
Kentucky - - - - - - - - - - - - - -
Louisiana 

Maine 

Maryland 

_S1« _S1« 

1-5 

15-50 

Approx. 
to 100 

16-20 

To 35 

10-15 

Tb25 

3-9 

-
0to40 

13 to 25 

0to30 

13 to 20 

Oto 20 

Oto 5 

Notused 

14 to 28 

App 8 

3 

None 

Rotted 
Teget. 

- -

-"» No 

Non-hard
ening ^ 

Massachusetts - - - - - - - - - - - - - - -
Michigan - - - - - - - - - - - - - - -
Minnesota 9-99 6-96 8-72~ 2 - 1 9 " - - 21 to 49 18 to 25 0 to 25 20 to 23*" - - - - -
Mlssissijipl 12-9S 8-90 8-90 3-35 0-7 - 18 to 35 14 to 20 Oto 16 - - - - - -
Missouri 25-100 18-96 18-96 11-28 3-15 - 14 to 42 NPto21 NI>to2S 12 to 20 - No data - No data -
Montana 

Nebraska 54-80 82-90 33-77 30-11 16-5 

- 20to36 

17 to 34 12 to 24 

3 to 10 

5 to 10 

X to z 

No data 

0.25 NaiSOi Loss In No*" 
durability 

Nevada - 4-12 - - - - 18 to 40 - Oto 12 - None 
found 

- - - -
New Hampshire - 3-5 - - - - - - NP - - - - _» i9 jm 

New Jersey x-x 4 5-12 Not used X z Not used X z z z None - None None None 

New Mexico - 4-12 - - - - 25 or - 8 or lees - - - - - -



NcwYoric 

North CaroUna 

North Dakota 

Ohio 

Oklahoma 

Oregon 

Pennfiylvanla 

Rhode Island 

South Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 

Australia 

BrazU 

England 

Prance 

Germany 

The Netherlands 

New Zealand 

Peuto Rico 

West Africa 

Central Africa 

East Africa 

1.1-75 4 

14-60 

Max 20 

45-72 

34-36 

10-100 

3-80 

0-35 

3-15 

0 8-71.2 

9-45 

12-10 

20-50 

10-65"" 

10-65"" 

10-65"" 

- 5 5 " " 

- 5 5 " " 

-55"" 

(0.05)-
28-4 

0-35 

Not 
determined 

0 8-71 2 

0-100 

7-50'" ' 

7-50"" 

7-50"" 

6-13 

1 4-22 3 

1-15 

4-10 5 

0-5 

5-35"" 

5- 3 5 " " 

6- 35"" 

less 
OtoSO 

35to65 

19 to 22 

48 to non-
plastic 

19 to 28 

17 to 45 

To 40 

14 to 60 

to 30 

2 4 to 
40.7 

12 to 25 

25 to 20 

IS to SO 

0to45 

0to50 

NPto55 

NPtoSS 

NPto55 

Oto 10 

13 to 31 12 to 20 

NP 

22tonon- 26tonon-
plasUc plastic 

Oto 10 

8 to 30 9 to 33 10 to 30 

25to40 20to30 Oto 20 

20to40 15tol8 2 to 25 15 to 18 

Oto 10 

NPto45 NPto30 

To 25 

15 2 to 
24 8 

Oto 10 

1 6 to 
20.5 
NP 

14 8 to 
17 6 

NBtoia NPto 7 

Oto 12 

Oto 22 

Oto 30 

U s s 
than 10 
Oto 20 

Notperf as 
std. test 

6 max 

NPto25 NPto30 ? 

NPto"26 NPtoSO 7 

NPto25 NPto30 7 

400PPM 

Quan not 
determ 

Retarded No 
hardening 

Not 
studied 

Not mea
sured 

250PPM Not deter- 7 
mined 
AU 

PI 4(ASrM -
C40) 

None None yet None 

• ' Yes" 

Not mea
sured 

7 

None yet 

CuSO, 

Weak 
bonding 

1 0 

None 

1-2 

Notdeter-
mlned 

Humlc 
acid, 
peat... 

Not found 
In soUs 
used 

CaCU 
used 
(2(c)l) 

Micaceous 
soUs 

Bficaceous 
sous 

Micaceous 
sous 

For footootes see page 186. 



2 d 2e 3 1 ' 2 K 2 h 2 1 2 ] 3 a Sb 3 c 3 d 4a 
- ( I ) - ( I ) 

Why? 

AlBbanui I I 
_ i j 100 -

Alaska - - - - - - - - - - - - -
Arizona _ l a n d n Nodlff. _ No 6 in No 90t -

apparent 
14% Arkansas - I - _« No 14% - No 100 -

California bndequlT. n _ a No _T1 j n Tea" Est. 75" Est 25 

'Colorado 
test 

I Not Invest] 400 psl at 400 psl at _ 101 7% 6 In. on Yes"" 100 'Colorado 
gated 7 days 7 days all pro]. 

Connecticut - - - - - - - ' ~ ~ " 

Delaware - - - - SeeSb No 7-10% 100 -
Florida - I - - _ I I T No Apprax 

14% 
- - eo 10 

Georgia None Normal Normal- Eco No 10-12% Experience No 80 20 Georgia 
avallabUlty nomics 

Hawaii - - - - - - - - - - - - -
Idaho I I - No'" _1T» Rvalues No'" 5 2 

Illinois None land lA No pref - _ 1 M _o» Yes"" No 100 1 Job 
erence 

TrtfUflnn No problem Normal - _BS No short Probably Yes"' AU -No problem 
Typel cuts 

No Iowa None I Have only - Standard 4-7 i n . * " No 100 None 
used Type I 

K n n M H None I - - No informa- - Yes"' 100 -
tlon 

Kentucky - - - • Freezing and - - 6 in . - - 100 -Kentucky 
thawing 

(All) 100 Louisiana None I reg. I _»ia No (All) 100 0 

Maine None nandn-A Unable to _ PCA Only those .** No 100 -Maine 
answer tests and In PCA 

compres
sion 

Maryland I _ _ AASHOand No 11 5% 8-in com - PCA re- 100 0 Maryland 
PCAStds pacted commo— 

base dations 
Massachusetts - - - - - - - - • - -
Michigan - - - - - - - - - - - - -
Minnesota None I - - _ia No _iie Y e s ^ S3 17 

Mississl{q;>i _ I - SOOlbpsl - _«a 100 -Mississl{q;>i 
at 7-day 

Missouri _44a _ _ _*m No 12% Bin on all _43J 100 -
Jobs 

Montana _ I I I t is _4T8 No 6% Yes-approx. - 12 88 
cheaper 3-5 

Nebraska No data I - Exper with - No Not avail Yes"* 100 0 
available only one 

Nevada - I - type _ B U No 3y.% 6 and 8ln No 100 -
New Hampshire _ land n No _ _eai No Not de _ut No 0 100 New Hampshire 

choice termined 
New Jersey None l a n d n Either - _ B » See 2t See 2f 14% None AUate 

In. 
PCA's No"' None 100 0 

New Mexico _M8 I - - _BW No _651 Y e ^ " 95 5 



North Carolina Durability 
teats only 

North Dalmta 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

South Carolina 

South Dalcota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming -"' 

Australia -"" 

Brazil 

England 

France 

Germany 

The Netherlands 

New Zealand 

Puerto Rico Moist -Den 
relationshii 

West Africa -"™ 

Central Africa - " " 

East Africa - " " 

n also IS 

I and I I 

None 

None 

None at 
present 

None 

pH meter 

None 

I f 

Either 

No notice
able diff 

Nodiif No field e-
found m valuation 
lab spec 

Typelex-
clusively 

12% 

About 12% 
by vol. 

Less than 
8% 

No correla- 9% 
tion made by weight 
presently 

Std 6 Experience No 

6-8 in See3(b) 
mostly 
6 in 

6 in com- PCArecom- Yes*" 
pacted mendations 

Normal 
only 

l,n,IIA 

land n 

I, II(occa-

Onlytype - Std AASHO 
used test 

Unconfined 
compres
sion 

I Gives re- Std AASHO -"" 
quired methods 
strength 

It does not 
matter 

Nodiff ex
perienced 

Nodlff in 
sionallym) perform

ance 

Same as f 

Low-al
kali 

_1001 

_1040 

ivn 

Only type 
used 

Z275, or- Slag cement 
ganic mat- less expen-
ter sive 

Normal 
Portland 

Normal 
Portland 

Normal 
Portland 

_1M7 

_U7€ 

No 

No 

No 

No 

No 

No 
_10(B 

No 

12% 

12-13% 

Variable 

2-6% 

6-in depth None 

14% by 
vol 

5-7% 

About 
8% 

Varies 
6-12% 

Less than 
10% 
12% 

10-15% by 
wt ^dry soil 

No" 

No 

Blending -*** Bin (stand- Yes"" 
ard) 

lb(2)base -*•' Yes— 
6 in 

5 and 6 in Judgment Not to date 

Yes-

7-20% 

8%byvol 
1178 

_ icoe 

_ i o i e 

1080 

_1150 

1177 

No 
1017 

Experience 

_U78 

UTS 

Yes'"-

No 

No 

No 

100 

100 

100 

100 

100 

100 

100 

55 see 
(3)(d) 

100 

100 

60 

100 

95 

100 
1178 

2 

25 

0 

None 

45 see 
(3)(d) 

Negllg-
able 

0 

40 

0 

5 

For footnotes see page 186. 



4b 4c 4d 4e 4f 
(IHa) Kim ( l ) (c) (2)U) I2)(b) tZHc) (2) (3) 

A l a h a m a Rotary cupped by Not Tes - - - _a 

mixers patrol blade Included 
Alaska - - - - • " 

ArizonA _»T Motor Same as Motor No No Not speci Not ^ e l - Optimum 

Arkansas _ » 0 
grader (l)(a) 

Same as S ^ e as 
grader 

S ^ e as Tes _ 
f ied f led 

Visual i n -
moisture 

Optimum of 

CalUornla j n _7T 
(l)(a) ( l)(b) ( l ) (c) _» See-tt)(2) See 4b(2) 

q;>ectlon 
_ B I 

mixture 

Colorado Woods No No _ m _ i i a 

roadmlxer 
Connecticat - - - - - - • • 

Delaware PetUbone Pneumatic Grader _ ,Tes - - - Within 10% 
wood t i red steel wheel of opt. 

ro l l e r 
Florida _ 1 « 0 Nfotor graders Motor grad- - - - • 

and ro l l e r s e r s a n d r o l l -
ers 

Georgia _ I 8 6 Sleeps- Tes Tes 80% pass. Visual I n  Optimum Georgia 
foot No. 4 a c t i o n iio% 

Haval l - - - - - - - - • - ~ — 

Idaho - - - - - _ia9 

nilnolB . » _2DT _iaa -~ Tes Tes jtu 

T n H < n n g jea Same as _ M 1 Same as Reasonably Reasonably - Visual I n  Optimum T n H < n n g 

(l)(a) ( l ) (c) a c t i o n 
Iowa jet _S9 _mi Same as Tes Tes - 100%-1 In Iowa 

( l ) (c) 80%-No. 4 
Kansas _as _ f l M _188 Tes Tes - - -
Kentucky _8aa _ 8 » _S10 - - - - - - - Std. proc

tor opt. 
Louisiana _ S B _ 3 M Blade and rub Sune as Same as Same as Tes Tes ^StB Opt. or 1-2% Louisiana 

ber t i red r o l l  ( l ) b ) ( l)(b) ( l ) (c) higher 
ers 

Maine _147 _M8 Smooth . - Tes - - -** Opt. of Maine 
wheel AASHOstd. 

Maryland _«ei _Sfla S^me as Same as Same as Tes Tes - Opt. or s l l ^ t Maryland 
(l)(a) ( l)(b) (iKc) l y above 

Massachusetts - - - - - - - • 

Michigan - - - - - - - - - - - -
Minnesota _>90 Generally _S93 _SS8 

satisfied jia* 
Mississippi _42S _ « M _UB _4SB Tes 

jia* yuaboveor 
below opt. 

Missouri _ « 4 jta Sieepstoot _ « T _m - 80% pass jUO About 1% a-
ro l l e r s No. 4 sieve bove opt. 

Montana jiao ^ 4 a i _4a» Same as Same as Same as Tes Tes Mixing time and Optimum Montana 
(l)(a) ( l ) (b) (l)(c) appearance 

Nebraska _B00 _B01 _B(a _S<B _BM _Boa No - - 75% to pass Not ava i l 
No 4 sieve able 

Nevada _8I5 _Bia Blader Blader pre- _B1T Blader Tes Tes - Wood prepar l - Windrows Optimum 
parlzer zer 

Opt. was 
9.8% 

New Hampshire - ja» _BaT - ~ NotfuUy • 
_B38 

_B40 

Opt. was 
9.8% 

New Jersey _ M T Same Same Same . Tes None 95% to pass _B40 B41 New Jersey 
No 4 sieve 

New Mexico Blading and _BB8 ^Ba» BTfl*^<"gand Tes - _B81 Baa Bet. opt. and 



New York 

North CaroUna 

North Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

South CaroUna 

South Dakota 

Seaman pu l -
v lmlxer 

pneumatic 
rol l ing 

Sheepsfoot 
ro l l e r 

Tamping and 
pneu. r o l l . 

Seaman p u l -
vimizer 

P a n d H 
mixers 

pnetunatlc 
ro l l ing 

I Same as 
(l)(a) ( l)(b) 

These soils -
notused 

( l ) (c) 

Yes 

Ye8_ 

Yes 

Yes 

No 

Road 
machine 

Yes 

- —Yes 

No exper i 
ence 

Same as 
4 c ( I ) 

Not used 

80%passlng 
No.'4 sieve" 

80% passing 
No. 4 sieve 

80%passing 
No. 4 sieve 

Visual 

Visual ob
servation 

S% below 

1 2 % of opt. 

Opt or sl ight
l y ^ v e - -

Opt. Mois t 
ure 

+ 2%ofopt . 

Texas 

Utah 

Vermont 

Virg in ia 

Washington 

West Vi rg in ia 

Wisconsin 

Wyoming 

Australia 

BrazU 

England 

France 

Germany 

The Netherlands 

New Zealand 

Puerto Rico 

West A f r i c a 

Central A f r i c a 

East A f r i c a 

Various 
mixers 

Seaman 
mixer 

Rubber-tired 
ro l le r s 

AUtypesot 
ro l l e r s 

Power 
grader 

Normal 
comp 
equig. 

Blades and 
ro l le r s 

Patrol , pneu 
and steel 

Pneumatic 
compactors-

Ubtor 
gradar 

P and H Sheepsfoot 
stabilizer ro l l e r 

Same as Same as Stune as 
(l)(a) (l)(b) ( l ) (c) 

Same as -
( l ) (c) 

Same as 
(l)(a) 

Same as 
«>(1) 

Steel wheel 
ro l l e r s 

«>(1) 

( l)(c) 

Same as 
4b(l) 

Not used 

imi 

Not appU-
cable 

Yes 

Yes 

- ™ 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

No comment 

No comment 

No comment 

Yes 

Yes 

No use since 
1947 
Yes 

Not used 

Yes 

No comment 

No comment 

No comment 

(attempt) 
Pass. No. 4 sieve 
No. 10 sieve 

Visual i n . 
Epection 

Optimum 

Optimum 

i i % o f opt. 

Optimum 

Op t to opt. 
+ 2% 

Optimum 

Not less 
than opt. 

By the color Std. proctor 
(visual) + 1 % 

100% smaller 
% i n . 

No experience 

Thoroughly 
pulverized 

Compres. 
strength 

By eye 

Visual i n -
q)ection 

V i s u a l i n -
Epection 

Visual i n -

F r o m 2 to 3% 
above <q>t. 

For footnotes see page 186. 



4g 4h 41 41 4k 41 4m 
(1) (3) (3) 

4k 

Alabama Standard Field moisture Not f o r - Yes 6 h r _10 

AASHO density tests so i l cement 
Alaska - - - - - - - - - -
Arizona 95% AASHO Method T-99 6 No - _4B a hr - _ 4 1 _« 

Arkansas 95% AASHO T-99 _ No _ 2 hr Apr 1- 0.80-95% 
Sept 30 0 .90Ag yd 

Ca l l fomla 95% ol _as 6 i n . (sometimes Yes Two 4 - in . layers. Perhaps" 2 hr 
lab. spec. 8 In . ) satisfactory 

Colorado 96% of No - No 2 hr _ i i e 0.71 
max den. experience 

Connecticut - - - - - - - ~ - -
Delaware 95% Field moist, and 7 No Possibly 2 hr Open to 0.26 95% 

sand cone conditions 
Florida 95% of - - - - - Year round -

standard 
Georgia 100% T 99 _1BB 6 i n . cohesive Yes 2 at 4 i n . , Yes Uninterrupt A l l year 100% T 99 

8 In . coheslonless good ed f inish 
Hawaii - - - - - - - - - -
Idaho 96%niln. Washington 6 No - Don't know 4 h r _ I 8 T 

Densometer _ai8 ^ l U _81T I l l inois 94% max. . • u 8 Yes _814 Not up to 
Q I n 

_ai8 ^ l U _81T 1.10-1.50 

TnHlnnn 95% of std. Exp. l imited No . 0 i n . 
Not enough 2 hr _ I M _ I 4 8 Present, 

max dry den to 6 In . 
_Bfl8 _8a« 

exp. to answer 1.00/sq yd 
Iowa 90% 7 _Bfl8 _8a« No _887 Mid Apr - -

std proctor 
_ 8 » 1 

mid Oct. 
KanwaB 95% of 6 Yes _ 8 » 1 No -

std. 
Kentucky 98% Rubber balloon and 8 No - - 2 hr _S11 A p r l - N o v l S -

sand density 
Y e s " " Louisiana 100% _a8 _S38 Once _tao Y e s " " _»88 

std. proctor 
Maine 95% max of s u 

• 
Only t r ied - - - 6 h r Apr-Sept _«D 

AASHO std. 6 i n . 
Maryland 100% of std. _sa8 No - No 2 hr Apr-Oct _«a8 

Massachusetts - - - - - - - - - -
Michigan - - - - - - - - - -
Minnesota _a»7 _sw Yes _4D0 Does not _401 _4U about May 15 0.93 

to Oct 15 / s q y d 
Mississippi Within 5 lb . of ,4SS 6 No - Yes 2 hr 40 F in 1.30 (Ajiprox) 

1-99 den. shade and r is ing on late jobs 
Missouri ASTM D5S8-57 6 No - Think so, 2 hr _481 Apr 1- 0.80 ± / sq yd 

no exp. Nov 1 
Montana 96% of Washington 0.70 f t No - - _4S4 - _ « 8 -

AASHO T134 Densometer 
4 % h r _B06 Nebraska AASHO T 9 9 - Moist, and den. tests 6 - No - - 4 % h r _B06 May-Nov 1.50-1.70 

max 
Nevada - Usual as compaction 6 Yes 8 I n . - Yes l ' /4hr Too Summer -

good many 
New Hampshire 125 lb cu f t AASHO T 99 6 - - Yes 30 mln Apr-Oct 1.90 

dry wt / s q y d 
New Jersey 95% Visual and ASTM 6 No None Yes Apr 1-Dec 1 

proctor 
New IfCnlco AUeast Proctor, Washington 6 Yes Yes 2 hr 



New York 

North Carolina 

North Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

South Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Vi rg in ia 

Washington 

West Vi rg in ia 

Wisconsin 

Wyoming 

Australia 

B r a z i l 

England 

France 

Germany 

The Netherlands 

New Zealand 

Puerto Rico 

West A f r i c a 

Central A f r i c a 

East A f r i c a 

95% of max 
M i n . of 95% 
of std. AASHO 
AASHO T-gg 

Std. proctor 

Maximum 
compaction 

98% of 
lab. den. 

95% 
AASHO 

95% of T-99 

100% of 
proctor den. 

9S%of max 

95% of 
AASHO T-gg 

g5%of 
std. AASHO 

100% of 
std. AASHO 
Std. proctor 

88% 
std. proctor 

85% max den 
o r more 
Varies 

Varies 

Varies 

Densometer 

AASHO Method T-134 

AASBO Method T-147 

Std. procedures T-147 

Std. moist , 
den. tests 

6 , in . , no 
other exp. 

8 i n . 
experiment 

(6 i n . Seaman) 
8 i n . 

6 

NA 

NA 

NA 

No 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

No 

No 

No 

Yes 

Yes 

No 

No 

Yes 

No 

Yes 

Rarely 

Sometimes 

No 

1 example 
p re -mix 

1 example 
p re -mlx 

1 example 
p re -mlx 

8 i n . layers 
successful 

N o f w l t h -
us 
No 

11 I n . -
poor results 

4 and 5 i n . 
each l i f t 

Two, 6 i n . layers, 
good 

8-12 i n . 
satisfactory 

9-10 i n . 
good 

2 X 8 i n . , 
OK 

2 x 6 i n . , 
OK 

2 x 6 i n . , 
OK 

Y e s ' " 

Yes 

Yes 

No 

Yes 

Not known 

Yes 

Not 
observed 

Not 
greaUy 

Yes 

2 hr 

6 h r 

2 hr 

8 h r 

30 min after 
water Is added 

2 hr 

About 
8 hr 

Yes 

I don't 
think so 

? 

4 h r 

2 hr 

_TTT 

2 hr 

2 h r 

2 h r 

2 h r 

6 h r 

% h r 

_ I l f l T 

UST 

Approx Apr 1 
thru Dec 1 
Apr-Oct 

Apr 15-Oct 15 

May-Oct 1 

special 
l O M 

0.77/sqydat 
8% by vol 

Apr-15-Oct 15_ 

May 1-Oct 15 

A l l year 

B4ay- end 
Oct 

May-Oct 

1.00/sqyd 
approx 

A U y e a r 0.75 

June 1-Oct 30 - ™ 

0.90 

0.60 

0.85 

Apr-Nov 0.80-1.20 

The year 2.00/aqyd 
round 

For footnotes see page 186. 



5a Sa Sa 5a 5a 
(1) (2) (3) Amount (S) (S)(a) (S)(b) (S)(c) (fl)(d) 

per 
Application 

Alabama - - X - Plant mix sand 21 Yes Very l ight 

Alaska 
aqphaltseal sprinkle 

Alaska - - - - - - - - - - - -
Arizona - - Yes Fog MC-2 0.15-0.20 Yes Fog spray No 

Yes 
spray gal ^ q y d 

Fog spray 

Arkansas Yes Yes Yes - - - Emulsified 0.10-0.20 _u Yes 

California No 
asphalt ga l / sqyd 

California No No No - No No MC-2pen. and 0.15-0.25 Yes Variable Sometimes _e8 

Colorado 
mix emul. gal /sqyd 

Colorado - - - - - - RC-2 cutback 0.20 gal /sq Yes Suf. t o f i l l No 
asphalt yd surf, voids 

Connecticut - - - - - - - - - -
Delaware - - Yes Moist - RC-3 0.2 gal per Yes Sometimes Sand, i f open 

Florida 
sq yd to t r a f f i c 

Florida Yes - - - - - -
sq yd 

- - - -
Georgia No No No - No No Cutback, e- 0 1-0.2 gal Yes Fog Sometimes 

mulsion 
Hawaii - - - - - - - - - - -
Idaho No No Yes Keep sur No No RC-1 or 0.30 gal Yes Damp sur Yes 

I l l inois 
face damp R8-1 per sqyd face 

I l l inois - - - - - - RS-2 or 0.20 gal / Yes Occasionally 

No 
RC-2 sq yd 

Occasionally 

Indiana No Yes No ~ No No Not used No - - -
Iowa No Yes Yes No No RCO-MCO- 10.20 per Y e s - i f Damp No 

Yes tgs emulsion sq yd directed 
Kansas - Yes—also Yes - _ » T Yes To wet sur No 

Kentucky 
p ra i r i e hay 

Yes 
face 

Kentucky - Yes Yes - - - Tar and Yes Moist but not No 

Louisiana 
MC free 

Louisiana - - - - - EA-4 0 3 gal/sq yd Yes Heavy sprink No -
Maine 

l ing 
Maine - - - - - RC-T 0.2 gaV Yes Enough to keep Yes -y . i n . 

Maryland Yes Suf to keep 
sq yd damp 70-100%pass. 

Maryland Yes No Yes Suf to keep No No No Yes To keep moist Y e s " See Ba"" 
cone, moist 

To keep moist 

Massachusetts - - - - - - - - - - - -
Michigan - - - - - - - - - - - -
Minnesota _ - - _ SS-1 and 0.2 ga l / Yes To f i l l surface Yes*" 

Mississippi 
RC-2 sq yd, max voids 

Mississippi No One - - - - _«s 0.2-0 25 gal / Maintain Not f ree At times 

Missouri , 
job sq yd moist, con. water 

Missouri , - X - - - - M C - l e m u l - 0.15-0 25 gal / Yes Fog shot _4a 

Yes 
sion sq yd 

Fog shot 

Montana - - Yes - - - RC-2 cutback 0.20gal/sq yd Yes To f U l a l l surface Yes 

Nebraska 
asphalt voids 

Nebraska - X X - - M C - l p r l m e 0.15 gal /sqyd No - No -
Nevada - - - - - - Ample emul 0 2gal/sq yd Yes Dampness No -
New Hampshire _ Yes Surface _ sion 

RC-1 0.25 gal /sqyd _ Moist Yes 
kept moist 

0.25 gal /sqyd 

New Jersey Yes No No RC-3 0.25 gal/sq yd No None Yes 



New Mexico 3 No Vc - No No RC-2 0.20gal /sqyd Yes Moist surface Yes 

New York X - - _ _ Emul . asp 0.2-0.3 g a l / No - Yes New York 
or RC-2 sqyd 

North Carolina - - Yes Variable - - - - - - -
North Dakota - - _ - RC-2 and 0. lS -0 .20ga l / Yes Fog coat Yes North Dakota 

RS-2 sqyd 
Ohio 2 i n . 4 7 days Saturated - - RC-1,RS-1 0.15 gal / sqyd Yes Kept Hgrnp No 

Oklahoma 
Ib/sq yd - - _ - or HS-2 

0.15-0.30 g a l / Yes No 
s q y d 

Oregon - - - -
Pennsylvania X X X - - - Asp cutbacks o r 

tar cutbacks 
0 .2-0 .3gal / sq 

yd 
Yes F i l l surface voids Yes 

Rhode Island - - - - - -
South Carolina - Yes Yes - - - - - - - • 

South Dakota - - - - - - - - - - -
Tennessee - - 0.2 gal /sqyd of Yes Wet surface, f i l l No Tennessee 

the mixture voids 
Texas X X - X X RC-2 and 0.2 gal/sq yd Some Unt i l Hgmp Yes Texas 

MC-2 
Utah - • - - - - jm 0.15 gal/sq yd Yes U g h t cprlnkling No 

Vermont No No Yes 0.2 gal No Ho MC-3,RC-3 0.25 gal/sq yd Yes 0.2gal /8q yd Yes Vermont No 
/ s q y d (50-50) blend 

0 .2 -0 .30ga l / Virginia No Yes Enough to 0 .2 -0 .30ga l / Yes Dampen Yes Virginia No 
keep damp s q y d 

Occasionally ' ' ' Washington - - - - - - SS-1 0.15-0.25 g a l / 
aq yd 

Yes Fog coat or more 
as needed 

Occasionally ' ' ' 

West Virginia - - X - - - RC asphalt 
(4-5? 

0.15-0.25 g a l / 
s q y d 

Yes Just moist Yes 

Wisconsin _ - X - - - Emulsif ied 0.25 gal/sq yd No - No Wisconsin 
asphalt 

1.2 Ib/sq yd Wyoming - - UntU bi tum. 
seal is placed 

Fog 
spray 

- - HC-2 1.2 Ib/sq yd Yes Fog q>ray 9tfl 

Australia Yes Kept _ _ Bituminous 0.20 gal/sq yd Yes Quite damp Yes 
Australia damp emulsion 

BrazU - X - - - - _»aT Yes Not specified No 

England 

France 

Yes—mulU layer 
work only 

No 

yes 
No 

No 

Yes 

Rarely 

_ua* Occasionally 

No 

Occaslon-
aUy 
No 

6-10 s q y d / 
gal , , 

Less than I k g / m 

_ ICQfl 

No _ 

jtton 

Germany No No Sometimes 
112 a 

No No Asphaltic e-
mulsion 

0.15-0.20 g a l / Yes - No 

The Netherlands 1128 _UM _iiai) 112 a _1128 Bitumen emul 
sion 

lurr - -
New Zealand - - - - - - - - - - -
Puerto Rico - X X - - - No No - - -

West Af r i ca Yes - Yes - - - Yes _1J93 Nbtosoal ly 

Central A f r i c a Yes - Yes - - - _1IS1 Yes _1JS> Not usually 

East A f r i c a Yes - Yes - - - _U9I _UBI Yen _11S1 Notasual lv 

Crushed stone 
size 12 

For footnot«a see page 186. 



5a 

Alabama 

Alaska 

Arizona 

Arkansas 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Hawaii 

Idaho 

I l l inois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Mains 

Maryland 

—Massachusetts 

Michigan 

lifinnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New Hampshire 

New Jersey 

New Mexico 

None 

None t r ied 

None 

Vone 

None 

5b 

7 days 

14 days 

3 days 

No time 
epeclfled 

7 days 

About 30 
days 

5-7 day 
mln 

Mln of 
7 days 

7 days 

7 days 

7 days 

7 days 

7 days 

Noqiec. 
t ime req. 

3-7 days 

5e 8a 

i i r 

7 days 

7 days 

No time 
spec. 

Open 

30 days 

B-7day 
ntin. 

24 hr 

7 days 

3-4 i n . 

None 

7 daysfor 
local t r a f f i c 

7 days 

No spec. 

Mln . 7 days 

Mln . 7 days Mln . 8 days 

A t least 7 Atleast 7 
days days 

21 days fo r Not less than 
plant mix 7 days 

10 days mln . Not known 

7-14 days 

6 months 

7-30 days Not closed 

7 days 7 days 

6a 

2-3 I n . 

2-6 In . 

O.attplant 0 .2 f tp lan t 
mix mix 

Same as 
r l m a r y 
l y . i n : 

2 - ln . b i t . 
gravel mix 

2y, i n . plant 2 i n . road 
mix mix 

Pea stone 
seal 

None 

6a 
- w 

2-4 i n . 
A . J . 

3 In . A . C . 

1-6 I n . 

0.3 f t plant 
mix 

I as (2) 

X 

6a 
3 r 

6a 6a 6a 

2 I n . hot 
mix 

1-4 i n . 1-4 i n . 1-4 i n . 

No experience No experience 

2-4 In . hot Not appUcable Not a]ipUcable 
mix asphalt 

Suae as 
urban 



New Tork 7 days Same as 7 days 
p r imary 

North Carolina - T days 7 days - - S&me as - - - - -pr imary 
North Dakota - M l n . 7 days 7 days - B . P . R . Same as - - - - -M l n . 7 days 7 days 

class G p r imary 
CMo - 7 days 7 days - - - OST - - - - -
Oklahoma _ 7 days _ 4 y i - l n . as- Same as _ _eT8 7 days 

pl tc . conct. e(a)2 
Oregon - - - - - - - - - - - -
Pennsylvania - 7 days _7C8 - - - - - - - -
Rhode Island - - - - - - - - - - - -
South CaiK>llna _ U|p to several 'After a few _ jtaa - -

months days (see c) 
South Dakota - - - - - - - - - - - -
Tennessee - 7 days 7 days - - - - - - -
Texas 7 days 7 days - 2- ln . hot iVa-ln. hot 2-h i . hot - None - -7 days 7 days 

mix mix mix 
Utah - Mln. 3 days 7 days - - -™* _Taj Same as - - - -

(72 hr) 
7 days 

p r i m a r y 
Vermont None 7 days Light t r a f  - None _eeT - - - - -approx. f i c immed. 
Vi rg in ia None 3 days Bui l t under - - -™ Prime and Same as Same as - -3 days 

t r a f f i c double treat. e(a)2 6(a)4 
Washington _ Min . 4 days Variable - - _» Same as 

6(a) land2 
Not appl i  Not appl i  NbtappU- -Min . 4 days 

_BBO 

Same as 
6(a) land2 cable cable cable 

West Virg in ia - 7-10 days Open I m  - - - _BBO - - - - -
mediately 

Wisconsin - - - - - - - - - - -
Wyoming _ Varies mln . _eiB Base(notused _ - - - - -

14 days In s u r f . ) 

Australia 7 days AsUtUeas jna - - - - -
mln. 12 hr 

BrazU - No qpeclal Sometimes - - - - - - - -
spec. 

England None 7 days - - - - - - - -
France Used on 1 month _ _ia84 - - Not used Not used - - -

concrete 
Germany - More than Morethan _iaa« - _ loeT - % - l n . aq|i. - - -1 week 2 weeks _ i a i 

concrete 
The Netherlands - At least 1 ~ - _ i a i No spec, ap No spec, ap No spec, ap No epec. ap

week plications plications plications plications 
New Zealand - - - - - - - - - - - -
Puerto Rico _ Not less than Not less than None _ - use - - - - -

7 days 4 days 
West A f r i c a - Varies about Not less than _ U M - _ use _I1»T _UP8 Not normally 

7 days 14 days _1JM _119T 
used 

Central A f r i c a - Varies about Not less than - _1JM _119T ^ U t t Not normally 
7 days 14 days used 

East A f r i c a - Varies about Notlessthan _1J9S - use Not normally 
7 days 14 days used 

For footnotea see page l86. 



6a 
• w 

6a eb 7a 

Subtase" Shoulder Shoulder Base" 

7a 

Subbase 
Alabama 

Alaska 

Arizona 

Arkansas 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Hawaii 

Idaho 

ni inols 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New Hampshire 

New Jersey 

2-3 i n . 
A . C . 

Same as 
travelway 

Same as 
6a(l) 

No 

No, t ra f . vol 
basic c r i te r ion 

No 

Yes" 

No 

No 

No 

No 

No"" 

No 

No 

No 

No 

N o -

No 

No 

Nb-t raf f lcwas 
cent, factor 
No 

No 

No-X 

Yes 

Yes 

Yes 

Yes Normally 
not economical 

Yes 

Yes 

Yes 

Yes 

Yes 

Insufficient 
experience 

Yes 

Yes 

Yes 

Yes 

Yes 

Not used f o r 
p r imary roads 

Yes Yes 

Yes 

Yes 

X 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

O.K. 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

NormaUy Yes 
not economical 

Yes 

Yes Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

None Yes 

No 
experience 

Not 
applicable 

Yes 

Yes 

Yes 

X 

Yes 

Yes 



New Mexico 

New York 

North Carolina 

North Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

Soutb Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Vi rg in ia 

Washington 

West Virg in ia 

Wisconsin 

Wyoming 

Australia 

Braz i l 

England 

France 

Germany 

TbB Netherlands 

New Zealand 

Puerto Rico 

West A f r i c a 

Central A f r i c a 

East A f r i c a 

Bame as 
6a{l) 

iVi-in. bit. 
cone. 

Prime and 
seal 

Pr ime and 
seal 

Pr ime and 
seal 

Pr ime and 
seal 

Pr ime and 
seal 

Pr ime and 

No 

Not n e e ' 

No 

No 

Yes 

Yes 

Yes 

Yes 

No" 

Ifo 

No 

No™ 

N o -

No 

No data"* 

Understudy 

No-not observed 

No 

Yes-to some ex
tent' 

Y e s -

No 

No 

UBO 

Yes 

Yes 

Yes 

Fai r 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes" 

Y e s -

Yes" 

Yes 

Never used 
by us 

Yes 

No 

Good 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

U » 8 

Yes 

Yes 

Yes 

Yes 

Yes 

Good 

No 

experience 

Yes 
1188 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Good 

Yes Possibly, i f sub-
drainage provided 

No Yes 

Yes 

Yes 

Yes 

11S8 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Not 
used 
Yes 

Yes 

Yes 

Yes 

Not 
used 

7a(l) 
Not t r ied 

Yes No 
experience 

No No 
experience experience 

Yes 

Yes 

Good 

Yes 

No 
experience 

Yes 

Not 
used 
Yes 

Yes 

Yes 

1188 

Yes 

For footnotes see page 186. 



7a 

•w Base 

7a (5) 
Subbase Shoulder" 

7a 7a 7a 

Alabama 

Alaska 

Arizona 

Arkansas 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Hawaii 

Idaho 

nUnois 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska ' 

Nevada 

New Hampshire 

No Inf 
avaU. 

Yes 

No Inf. 
avaU. 

No 
experience 

Yes Yes Yes 

No in forma
tion avail . 

Yes Yes No 

No informa
tion avai l . 

Yes Yes 

No 

Yes Yes 

Yes 

Nbt 
applicable 

. .- 'appU-
cable 

NotappU-
cable 

Yes 



New York 

North Carolina 

North Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

South Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 

Australia 

BrazU 

England 

France 

Germany 

The Netherlands 

New Zealand 

Puerto Rico 

West Af r i c a 

Central Af r i c a 

East Af r i c a 

Yes Yes Yes 

\Light a i rc ra f t 

Secondary 

No experience 
not applicable 

Low class 
up to D/C3 

MiUtary 
and clvU 

Good 

une as 
7a(4) 

Not Not 
used used 

Same as 
7a(4) 

Good Not used Not used Not used Good Not used Not used Good Not used 

Yes Yes Yes Yes No experience No experience Yes No experience 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Tes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes Yes 

Yes Tes 

Yes Yes 

Yes 

Yes 

Yes 

Yes 

For footnotes see page 186. 



7a Tb 7b 7b 7b 7c 7d 
(9) (1) (2) (3) (4) (5) (6) 17) 

Alabama - - - - - - Medium 

Alaska - - - - - - - - - - - -
Arizona _ Tes Sev mo. to No _ Onlyln extreme - Medium Not avail

few weeks cases 
1̂ 0 

able 
Arkansas - Tes Mostly trans - Tes No, butnotde- 1̂ 0 No Sealing Medium -verse sireable operations 
California - Tes Variable No - _*4 JU No Low Unfauiwu 

Colorado _ Tes _UB Iday ta2 Tes _U1 No e:qperl- - Not known 
months ence 

Connecticut - - - - - - - - - - - -
Delaware - - - - - - - No - - - -
Florida - - - - - - - - - - - -
Georgia _1B7 6 in. to 14 1-30 days Tes N o " _170 No _IT1 Very low Not availGeorgia 

f t 
1-30 days 

able 
Hawaii - - - - - - - - - - - -
Idaho _ Tes Transverse 1 mo. to Not certain No"" Believe It Low Unknown 

15-400 f t 5 yr does 
Illinois Tes Rectangular and _ai Tes" _128 No _aae _229 Low Not avail

lateral 
_ai7 

able 
Indiana - Tes Var. depend, on Less than Tes _ai7 No No concern No experi - Not avail

soil types 7 days ence able 
Iowa - Tes About 25 f t Soon No - No"" No - Medium -

slab length 
No"" _a04 Kansas - Tes _101 Varies - - Tes"" No No"" _a04 - -

Kentucky Some Fine check 36-72 hr No _ No - - Resurfacing -Kentucky 
crack 

Louisiana None Tes Transv. and 2 weeks-1 Tes More in finer Nb-mostly sas No Very low Unknown 
longitudinal text, soil shrink, cracks 

Maine Tes SO-80 f t trans Couple of No - No - - To keep the Low No data avail
verse months surf, sealed able now 

Maryland _ Tes 8-10 f t 1-2 weeks No - No'* No STB Very low Not availMaryland 
able 

Massachusetts - - - - - - - - - - - -
Michigan - - - - - - - - - - - -
Minnesota _ 3-6 months No _ _410 _«13 High 61-153 

dollars 
Mississippi - Tes Varies wltii About 2 weeks Tes*" - Tes*" _443 MB Medium -Mississippi 

type of soil 
No«™ _471 Missouri _ Tes*» _4aB Tes-defin- No«™ Not sure but _471 Medium 

Montana Tes VarlesfromlO- 4-6 months 
ately 
No N o " No 

don't think so 
No jmo 

15 f t _BOD Nebraska - Tes Shrinkage 1-2 years No informa - No No Do not know _BOD Medium -cracks tion 
Nevada - Tes Transverse and First cold No - No-cracks very Do not know Same as other Low -

longitudinal narrow paved roads 
New Hampshire - - - - - - - - - - - -
New Jersey X Tes Continuation of 0-6 months No None No-X No No Surface treat. Low Not avail-

transv. Joint 
Tes»" 

3-6 yr 
Not yet de-

able 



New York - Very UtUe 1 year No - No"* Don't know 

North Carolina - Yes Transverse and 
longtiidlnal 

A few 
months 

Yes'" - No ndcker wear
ing surface 

Some 

North Dakota Yes 

Transverse and 
longtiidlnal 

jm No e]q>erl- - No No experience 

Ohio Slight Longl. - ran After Istwlnter 
ence 
No - No™ JM -Ohio 

amount dom. In service No Oklahoma _ Yes Primarily 1-6 months - No"" No Oklahoma 
transverse 

Oregon - - - — -
Pennsylvania - Yes Transverse 2-3 days - - N b " 7 

Rhode TnlnnH - - - - - - - - • 

South Carolina - Yes Alligator 1 day Yes No~ - -
Ssulfa Dakota - - - - - - - - -
Tennessee - Yes Varies with 

soil type 
Frequent 

Varies Yes No"' _T5J No-butre-
ducestomin. 

Texas _ Yes 

Varies with 
soil type 

Frequent Variable No - Yes™ No good way No Texas 
transverse Not studied Utah _ - Not con - No"* Yes"" Not studied Utah 

clusive 
Vermont - Yes Transverse Tm not 

sure 
SDon 

No - No"* No IbeUevelt 
does 

Virginia _631 Yes Variable 

Tm not 
sure 

SDon Yes Uorelnday 
than granular 

Y e s - To some deg 

Washington - Yes jm _B8T - Yes and no 
<a 

— 

West Virginia - Yes Yes _eo3 Y e s " No Unknown 

Wisconsin - Yes _807 1 1 year Not known - No'" No Not known 

Wyoming - Yes Transverseand 
longitudinal 

Approx. 
7 days 

Yes - No Not entirely 
but i t helps 

Australia _ Yes Sometimes Ye^» N o " . Yerf" Australia 
24 hr 

BrazU Yes occa Transversal - - - - " -BrazU 
sionally lines No i m 

England Yes Within a few Yes No 

France Yes" ' 
days _ua OnlyinQiln When made of Yes"* _IOTO No France Yes" ' 

gravels Qdn concrete 
No _UBO 

Germany - Yes Transversal Winter - No _UBO 

Hie Netherlands Yes _iin _urT jam 

New Zealand - - - - - - - - -
Puerto Rico Yes Longitudinal 8 days I don't know - No"" No No 

cracks ISOO 1X07 No West Africa - Yes _11M Varies Yes - No 

Central Africa - Yes Varies Yes no. jam No 

East Africa - Yes JM Varies Yes _BOT No 

Low 

- • " Very low 

Crack seal- Medium 
ing 

Reseallngor Medium 
resort. 

Surface 
treatm. 

Low 

Chiefly surf. Low 
patching 

Not avaU-
able 

Ins. data to 
date 

Very low Not known 

Sealing MoHliiTW Unknown 
cracks 

Crack Not available -
Low 

Low Not avail
able 

Very low jeo.ST/mlle"* 

Sorfftce Medium -
patch l"g 

Low -cracks 
_ « i Very low -

Very low -
_ _ Very vari

able 
Normal re- No records yet -

surfacing 
_ID71 

available _ 

Low -
_1M1 -_ 

Very low I don't have 
the figures 

For footnoUs Bee pags 186. 



8a 8b 

Alabama 

Alaska 

Arizona 

Arkansas 

California 

Colorado 

Connecticut 

Delaviare 

Florida 

Georgia 

Hawaii 

Idaho 

minols 

Indiana 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New Hampshire 

NewJer 

None 

None at 
present 

None In progress 
or planned 

None going on 

None 

Elimination of detrimental cracking 
and surface slippage 

Means of pulverization of soils 

Need for thickness design methods 
and criteria 

Shorter reliable test methods to determine 
cement content to use In construction 

None 

None None 



New Mexico 

New York 

North Carolina 

North Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode Island 

South Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 

Australia 

BrazU 

England 

France 

Germany 

The Netherlands 

New Zealand 

Puerto Rico 

West Africa 

Central Africa 

East Africa 

None 

None Control of random cracking 

Shorter method of determining optimum 
cement content 

Improvements on freeze-thaw tests 

Continuing study 
of performance 

Cement In 
sulfate soils 

None 

None 

Prevention of cracking 

Service records*" 

Thickness design or performance ratio to 
other types of base courses 

Design criteria 

Way to eliminate transverse cracking 

Improvement of machinery for mixing 
gravej^ soils 

For footnot«s see page 186. 
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FOOTNOTES 
'North and central sections of state, "ffighly colloidal clays and enough acid to show 
apHof less than 5. ^S03 forms acid destructive to cement. Many organics alsoform 
acids, esp. tannic acid. Too much organic matter of certain types prevents thorough 
mixing and compaction. *Only by hauling in suitable soils. 'Most soils treated to date 
average pH of 7.0. ^Readily available and less expensive than Type HI. 'For soil-ce
ment base minimum strength 600 psi on field cylinders 7 days. Durability tests based 
on ASTM freeze-thaw method. "Strength is the main requirement since the durability 
tests are based primarily on freezing and thawing which are not a problem in this state. 
'Most soil-cement requirements were based primarily on preconstruction laboratory 
results. "Approximately 8% (if economical at all). 'Soil-cement base—8 in. on p r i 
mary roads. County type projects—5 in. or 6 in . "Base and CBR design values for 
crushed stone base. For primary 18,000-lb wheel load requiring 10-in. crushed stone 
base, we assume 8-in. soil-cement base to be equivalent. "Yes, soil-cement bases 
on primary roads based on 8-in. compacted depth. Crushed stone and gravel on com
parative roadway 10 in. '^Usually sheepsfoot and rubber-tired rollers. analyzing 
successive samples of soil for cement content. '^Optimum moisture (Standard Proctor). 
'̂Depends on soil—average approximately 6 in. '^Proper mixing and adequate compac

tion. Also no loss of time between mixing and compaction. '"Most ideal f rom March 
thru October, however we use year around construction. ""0.70/sq yd for 6-in. com
pacted average. "*Voids according to type of roadway. "Can be applied after 7 days 
curing. ^As soon as bituminous paving is completed. * ^ % - i n . bituminous binder and 
1%-in. seal, ^ ^ u b l e bituminous surface treatment and later sealed with 1-in. plant 
mix seal. **Yes, lets water into soil-cement and subgrade. "'Only by using sandy f r i 
able soil and this only minimizes cracking, ^ t may in some instances however, the 
answer would better include (minimizes the crack). ""Most of our soil-cement roads 
are comparatively new and have required only minor maintenance. ^Pavements too 
new for reliable estimate. '*Since this department has not designed or constructed any 
such projects, we were unable to complete the questionnaire, tt was our understanding 
that other agencies in Alaska had used a soil-cement design for airport subgrades. We 
made inquiries to determine i f this was the case but did not receive any answers. ^29 
mi on Interstate 23, single lane. "Compressive strength at 7 days. Plasticity index. 
'*Class A-300-500 psi at 7 days, Class B-non-plastic within 7 days. '^Assigned value 
equivalent to crushed sand and gravel. '^Single pass or multiple pass traveling contin
uous mixing machine, batch pugmill or continuous type mixer. Pneumatic and steel-
wheel rollers. "Same as lb except sheepsfoot may also be used. ^Resulting smooth
ness is poor. '^6-in. dune sand difficult to compact. ^Northern part (April 15-Dec 1), 
Southern part (all year). ^0.38/sq yd including aggregate. ^Initially transverse 
shrinkage, to random or block. '^Are e^erimenting with aggregate cushion course. 
Usual ly crack-patching or resealing. ^Standard wet-dry and freeze-thaw durability. 
Compressive strength. '"Loss in wet-dry or freeze-thaw tests. Soil groups A - 1 , A-
2-4, A-2-5, and A-3-max 14%. Soil groups A-2-6, A-2-7, A-4 and A-5-max 10%. 
*A11 6 in. except one small urban job 7 in. *Di8cs, plows, graders. Seaman pulver
izers and P and H mixers. ^Sheepsfoot rollers and rubber-tired rollers. °^Rubber-
tired rollers and smooth-wheel steel rollers. "Not entireU'. Should get better pulver
ization and mixing. ^At least 80% passing No. 4 sieve, ^ e sure subgrade is stable. 
° ^ e s , if surface gets dry enough to dampen, ' ^ n d y soU if constructed under traffic. 
''2 in. of dense graded asphalt mixture or double surface treatment with emulsified as
phalt, RC cutback or asphalt cement 150 pen. Total asphalt 0.5 to 0.7 gal/sq yd. Cover 
material 60 to 70 Ib/sq yd. Single or double surface treatment. "2 - 4-ln. dense 
graded hot asphalt mixture. "More cracks in fine grained soils. "Not available. Ce
ment treated base has been used extensively. "State wide—valleys, mountains, deserts 
and coastal areas. ''Magnesium or sodium sulfate. *H)rganics—lowering of compres
sive strength sulfates, disintegration. "For sulfates—provide good drainage in subsoil. 
Import mineral aggregate for cement treatment. Use Type V cement. "Formerly 
Type I ; now all Type n low alkali. "Greater resistance to attack of sulfates, 
alkali or sea water. "Compressive strength, wettii^ and drying, freezing and thawing 
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(for colder areas). *Enough cement to develop: for heavy traffic—750 psi at 7 days; 
for medium traffic—400psiat 7 days; for light traffic—80 min R-value. ™8 in. of 
Class A Cement Treated Base using about 5% cement can compete in price and struc
turally with 12-in. untreated base. "Heaviest traveled roads, lO in . ; heavy traveled 
roads, 8 i n . ; medium traveled roads, 6 in. min; light traveled roads, 5 in. min. 
"California Test Method No. 301 of Materials Manual of Testing and Control Proce
dures and in Division of Highways Planning Manual, "8 in. Class A Cement Treated 
Base (750 psi) = 14 in. untreated base; 8 in. Class B Cement Treated Base (400 psi) 
= 12 in . untreated base; 8 in. Class C Cement Treated Base (80 R-Value) = 8 in . un
treated base. "Actual values unknown since road-mixing has been optional on most 
projects in the past. '*Road mixers and stationary plant mixers both batch and contin
uous, ''S-wheel, 12-ton steel-tired rollers, "Motor graders and pneumatic-tired 
rollers, '"We do not cement treat cohesive soils such as heavy clays, shales, etc, 
'*Not entirely. Our new 1960 standard specifications have more rigid controls. ""Bet-
ter control of cement distribution during mixing and placing needed. '^Titration Test, 
Test Method No. California 338, for checkmg cement content during construction. 
"Optimum as determined by Test No. California 312. "'Moisture by drying density by 
sand volume. ®*However, we generally use only granular aggregates and therefore do 
not make any allowances for soil texture, '^Careful control of cement distribution, 
moisture content and compaction. ^ A l l year in most of state. Temperature must be 
above 35F. ^Class A cement treated base using 5% cement 1.18. Class B cement 
treated base using 3%% cement 1.07. "^Sometimes. Used only to prevent pick-up by 
traffic. Sand 90-100% pass No. 4, 0-5% pass No. 200. ^̂ 3 day min preferred, some
times road immediately opened to traffic if no detours available. ^'Curing seal shall 
be placed as soon as possible but not later than 8 hours after completion of final rolling. 
The surface shall be kept moist until the seal is applied. *̂ 4 to 6 in. AC, using 85 to 
300 pen. range of paving asphalts. ®*3 to 4 in. AC, using 85 to 300 pen. range of pav
ing asphalts, ^Transverse longitudinal and/or block, ' ^ o , widely spaced cracks do 
not affect strength. Closely spaced cracks lead to early failure, ^ s e well graded ag
gregates and only moderate amount of cement wi l l minimize shrinkage cracking. Non-
resilient subbase and adequate structural section to minimize pavement deflections un
der wheel loads. We have found that a C. T. B. consisting of a mixture of the existing 
bituminous surfacii^ and the underlying base material, produces very few shrinkage 
cracKs. **No maintenance unless failures develop. *^2% cement by weight has been 
used extensively since 1955 to improve substandard (sand-size) base course materials 
for flexible pavements and subbases for P. C. Concrete Pavement. Cement treatment 
includes shoulders on both types of pavements. No reduction in design thickness is 
made for this type of cement-treatment. Usual thickness for cement-treated bases and 
subbases is four (4) inches. Generally, cement and water have been mixed with aggre
gates in stationary mixing plants, spread by Jersey spreaders, and compacted by vibra
tory and pneumatic-tired rollers. No curing methods are employed but bituminous 
prime coat may be of some benefit. Total tonnage of cement-treated subbase and base 
course used to date is 1,366,280 tons including 27,980 tons of portland cement (2.1%). 
*®7 (cement-hardened base course). **43(cement-hardened base course). ^°°Not deter
mined, usually clean sands are selected, ""'Portland Cement Association short-cut 
procedures for sandy soils is the usual methods. '"6 in. considered minimum (see 
3c) Ref: PCA Soil-Cement Construction Handbook. '°*Total thickness of base and sub-
base reduced on basis of "gravel equivalent" for soil-cement according to Hveem's co-
hesiometer values. Reference: "Factors Underlying the Rational Design of Pavements" 
by F .N. Hveem, Proceedings, Highway Research Board, 1948 (Vol. 28), pp. 101-136. 
"̂̂ Woods Roadmixer and Seaman Pulvimixer. '"^heepsfoot rollers and pneumatic-tired 

rollers. ^**Finger-weeder, pneumatic-tired roller and flat-wheel roller. *°^Sheepsfoot 
roller and pneumatic-tired roller. '"Finger-weeder, pneumatic-tired roller and steel-
wheel roller. '"^Mixing in stationary plant and spreading with Jersey spreader is de
cided improvement. Specs, required 80% to pass No. 4 sieve; 100% passing No. 4 
was achieved. " 'Field lab tests supplemented by squeeze test and visual observation, 
^"standard optimum moisture-AASHO T-134. '̂̂ Oven and open-pan drying for mois
ture. Sand density method for density control. "*Our experience limited to 6-in. max-
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imum thickness, "^se of proper finishing procedures to obtain a smooth, dense, 
moist surface that is free of cracks, riches, and compaction planes. "*May-Oct. 
specs, require only that temperature be 40F and rising. "' '3-in. plant-mix asphalt 
surface-85-100 pen. AC. " ^ l / ^ - i n . road-mix (RC-2 or MC-3); 2-in. plant-mix (85-
100 or 100-120 pen. AC): double bituminous surface treatment RC-3 or RC-4, 'A-m. 
max. size aggregate. ' Transverse and longitudinal usually intersecting at right 
angles. '^"Plastic soils show more tendency to develop cracks. "^'Yes, in areas hav
ing highly plastic subgrade soils. Cracks permit entry of water. "*Non-plastic 
granular materials have less tendency to develop cracks. "^Repair of areas of surface 
slippage and sealing cracks. '^^Soil-cement stabilization is new in Connecticut. This 
fa l l (1959) was the first time it was used and only on two very small sections of road. 
We plan to do further experimental work during the coming year (1960). '^^ent County— 
1941; Sussex County—1957. '"^Gradation and Atterburg limits are open. '^''This re
quirement has not been analyzed. '^Standard PCA Design manual to determine percent 
cement content. " '̂Secondary Roads—4 in. to 6 in. have been used with surface treat
ment. Suburban Development—5 in. to 7 in. have been designed with 2 in. hot mix. 
This depends upon question 3b. '^''PCA Manual—7-day moist cure 4 hr. immersion. 
'^'Secondary roads use 4-6-in. asphalt stabilization. Suburban development use 6-in. 
select borrow, 5-in. water bound and 2-in. hot mix for l l - i n . base subbase. '^Mois
ture shall be within 10% of optimum and by blend and texture. '^^Proper moisture to 
end result. '^^Sufficient to prevent penetration of RC-3. "^^tabilize only at tempera
ture of 40 F and rising. Also protect against freezing. "^Initial treatment—'/2 gal/sq 
yd. RC-1, 40 Ib/sq yd slag chips; two (2) treatments—'A gal/sq yd. RC-3, 20-lb 
stone chips each application. Wetting and drying and freezing and thawing tests, 
" ^ e used a maximum loss of 14% for both wetting and drying and freezing and thaw
ing. "^Majority were 6 i n ^ however, in some cases it was increased to 8 in. when 
used in widening strips. ' Pulvimixers, harrows, motor graders, etc. '*'Steel wheel 
and pneumatic-tired traffic rollers. ''^To approximately 90% passing the No. 4 sieve, 
'*2.0% above optimum moisture. '**By determining the percent moisture and density 
in place. '**Do not mix more than can be compacted and finished before the mixture 
takes its initial set. '^234, on l A Interstate 10. '*''7, on lA Interstate 45. '^^Organic 
coating slows up hardening. '*Waste and replace with neutral soil. '^ASTM until ex
perience record of most soils showed compression tests were adequate. '*'300-lb t r i -
axial shear, 20-lb lateral pressure, 28 days. '^6 in. on Secondary Base, 8 in. on 
Primary Base, 8 in. on Interstate Shoulders, 5 in. some Subdivision Streets. '^Rotary 
mixer, traveling plants and central plants. V i b r a t i n g steel wheel and rubber tired 
compactors. '^ Motor patrol, rubber tired roller. '^Rotary mixer, traveling plant 
(not pug or paddle) central plant. "''Capacity of paddle type traveling plants is not 
powerful enough. '^Dry sample use sand cone. '^Homogeneous mix, moisture con
trol , compaction finish. '^0.25/sq yd processing, 0. 50/sq yd cement (no top). '^'Sandor 
quarry fines (10 lb) so that traffic can use. '°^Double surface treatment single surface 
treatment with t 100 lb plant mix seal. '^Double surface treatment to 2 in. plant mix. 
'̂ *Double surface treatment, 1 i n . , 2 in. ''Single and double surface treatment, 1 and 
2 in. plant mix. '^'Single surface treatment on cohesive soils before applying plant 
mix. '"Ditch linings, dam and levee faces. '®*Heavier the clay the closer the cracks. 
i e 9 i . y " Cross Section and fu l l of bitumen, no leak to subgrade. No definite plane of 
Cleavage between hardened base and subgrade; therefore, no rocking or pumping. 
""No double or multiple surface treatments hide cracks. ''"None other than replace
ment of worn thin bituminous tops. Joint research program. Tech. and Highway, 
"'strength tests, wet and dry tests. '''^Class A aggregates 650 psi, 7 day. Class B 
a^regates 400 psi, 7 day. Actual amount used set by strength and wet and dry tests. 
'^Ve set cement content at amount when wet and dry test has little effect. Freeze and 
thaw tests wil l be used in future but have not been in past. Limits to be used are un
known as yet. '^Used as guide to setting cement content for tests. '"Not more than 
5%. Most instances used only where shipping aggregates long distances, otherwise 
necessary. ''"0.4 or 0.5 f t on top of other base or subbase material. ' Did reduce 
thickness on one job as experiment. "°Seaman pulvimixer. Woods mixer, stationary 
pugmill. '^'Sheepsfoot, pneumatic-tired rollers, steel wheel rollers, Buffalo Spring-
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field Compactor. ''^Blades and Barber Greene Paver. '"'Have not used strictly ad
hesive soils. "*Pugmill is best. Travel mixing leaves some doubt of completeness. 
""'Control cement spread and depth of mixing on road. Pugmill-conductivity of cement 
soil water mixture. 1% of Standard Proctor Optimum. "''Timing operations to 
complete mixinc and compaction before cement sets. ""Temperature over 50F before 
^ p l y cement. 0.90/sq yd or $2.80 per ton of aggregate treated with cement. 

Cover coat or surfacing material. **"Not specified, generally 2 weeks. *^Fine gra
dations may crack quicker than coarse. Compaction affects crack pattern. "^Deflec
tions at crack are higher than elsewhere. "*Early traffic over surface makes cracking 
less apparent—higher densities. "'Similar other roads—recommend sealing cracks. 
"'None other than limited areas of weak subsoils found during construction. "'Possib
ly harmful chemical constituents affect cement requirements as determined by physical 
durability tests. ""Unconfined compression tests: wetting-drying tests; freezing-
thawing tests. "^Criteria have varied since f i rs t construction. Now permit soil-ce
ment loss in freeze-thaw or wet-dry of not over 14% for A - 1 , A-2-4, A-2-5, and A-3; 
not over 10% for A-2-6, A-2-7, A-4 and A-5; not over 7% for A-6 and A-7, Compres
sive strength should increase both with age and cement content. '""Portland Cement 
Association short-cut method for sandy soils. """Economic competition wil l vary with 
location of competitive stone and gravel deposits. "™bl—6 and 10 in . ; b2—6, 6.5 and 
7 in . ; bS—6, 6.5, 7 and 8 in. '"'Empirical method. "°*Rotary speed mixer; 
1-pass stabilizer; traveling pugmill; and stationary plant. ""Pneumatic roller, v i 
bratory roller and vibratory pads, steel wheel roller. '"'Motor grader, nail drag, 
pneumatic tire roller, steel wheel roller. ""Rotary speed mixer: 1-pass stabilizer. 

Tamping roller, pneumatic tire roller, steel wheel roller. '"^Better cement spread
ing equipment needed; equipment capable of stabilizing thicker lifts is desirable. 
'"lOO/o to pass 1-in. sieve, 80% to pass No. 4 sieve, exclusive or gravel or stone. 
'""Mixing shall be continued until the resulting mixture is homogeneous and uniform in 
appearance. '""80-100% of optimum for sandy soils, 100-120% of optimum for silty 
and clayey soils. '"^Moisture controlled by feet, density checked by sand method. 
'"•^-5 in. l i f ts , to early to tell . '"'2"/2 hr for compacting, 2 hr for finishing. '"'Proper 
pulverization; suitable moisture for compaction; adequate subgrade support; uniform
ity of cement spreading; uniformity of mixing depth; obtain design density. '"'Not 
limited by season. Temperature in shade must be not less than 40.F and rising. 
'"Sufficient to f i l l the surface voids. '"Sufficient sand is applied to prevent pick-up. 
""May be opened to local traffic immediately, to all traffic after 7 days. ""Dense-
graded hot plant mix, PA-6, PA-3, 3 in. thickness. "'Same as primary for hot mix. 
For surface treatment f i rs t and second cover and seal: 0.2 to 0.3 gal/sq yd usually 
MC-5; 15 to 25 lb aggregate per sq yd total thickness % to % in. "'See special list 
of publications on page 212. "*Initial usually within 7 days. "'Cohesive soils crack 
more severely than non-cohesive. "'May be tied in to higher cement requirements. 
'"Obtain highest possible density at a not excessive moisture content; construct dur
ing season of moderate temperatures. "'Does not eliminate but reduces. ""Pouring 
large cracks; renewing seal coat over surface treatments. ""Soil Cement Pro
jects constructed in Indiana in 1959: State Highway Department does not have any 
detailed information. ""Any questionable soils were avoided, '"Either normal 
or air-entraining. "'Standard Freeze-Thaw and Wet-Dry Test. "*PCA standards 
of allowable losses by brushing the freeze-thaw and wet-dry specimens. "'Base 
6 i n . , subbase 3 and 5 i n . , shoulder 6 in. "'Standard thickness of 6 in.-general
ly limited by ease of processing. "'Not enough experience to develop proper 
design for soil-cement. "®Flinn, plows and harrows, P and H single pass, Seaman 
pulvimixers. '*"10-12 ton—3-wheel rollers and pneumatic rollers. '^3-wheel roller 
and/or pneumatic. ''*"Sheepsfoot, 10-12 ton 3-wheel roller, pneumatic rollers. '*Some 
scarifying and preliminary pulverization. '^'Determined maximum density and optimum 
moisture of mixture. Made moisture tests after mixing. Made in-place density tests 
after compaction. '**Proper spread of cement, thorough dry mixing, proper moisture 
content and proper compaction. '^'General limited from April-November because of 
freezing. ' Minimum of 2-in. thickness of plant mix or equivalent, '^'Closer pattern 
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on cohesive soils. "^Bituminous surface, generally due to thin initial application. 
**Northwest corner -3 F, Southeast corner +3 F from average reported. "^Requires 
about 2% additional cement for each 1% of organic matter as determined by our method 
for hardening. ***Only by the uSe of additional cement. "^As recommended by PCA— 
using the next highest whole percentage of cement. "®Only as a guide for estimating 
purposes when the standard laboratoiy tests cannot be completed in time. "^12%— 
governed by availability of other granular materials. *̂ *On page 211 see special table 
showing projects by county, route and city, year built, length miles, width feet, depth 
inches and square yards; and, shows 1950 surveys, distressed areas. "^Traffic count, 
max depth that can be constructed from existing road bed material (usually 7 in . ) . 
"^Farming, Seaman, P and H Woods Traveling Plant, ^^heepsfoot—pneumatic pull 
and self propelled, smooth-steel tired cat and grid roller. "^Pneumatic, smooth steel 
tired, patrol and scratchers. '^'Farming, Seaman, P and H. "^^Sheepsfoot—pneumatic, 
smooth steel tired. '®To the satisfaction of the engineer. *^An amount evenly dis
tributed that wi l l enable the contractor to obtain the specified density. *®*Plate dry for 
moisture-density by oil method. '^^Only to strengthen subgrade conditions. "^Satis
factory, same as surface course. "^ 'All operations, except curing, must be completed 
during daylight hours. '^Immediate compaction after water is added. "^Thoroughly 
wetted f i r s t 5 daylight hours after compaction, then primed while damp. "^As soon as 
wearing course is applied. ""Asphalt mat—3 i n . , 2 layers. "'"Not any more than cracks 
in other types of base. '"^May help delay cracking, but does not eliminate. "'^Tabula-
tion of projects and map showing location submitted with questionnaire return. "''̂ One 
project (3.5 mi) constructed by stabilizing A-4 and A-6-7 subgrade soils with from 10 
to 14% cement by volume. Remaining projects used more friable materials ranging 
from fine sandy loams to sand-gravel with soil binder. The major portion of these 
materials had 100% passing the No. 4 sieve. "™ASTM, D558-44, D 559-44, D560-44 
since they were approved and essentially similar procedures prior to ASTM adoption of 
these methods (note exception under 2h). ""Allowable losses for 12 cycles of wet-dry 
or freeze-thaw tests range from 7% for heavier textured soils to 14% for sandy soils in 
accordance with PCA recommendations. (For sandy soils the durability tests may be 
omitted, see 2h). ""For sandy soils having combined silt and clay contents within the 
range of 15 to 35% the short-cut test procedures for sandy soils (Chapter 6 PCA Soil-
Cement Laboratory Handbook—1956) are generally used. "^Thicknesses range from 
5 to 9 in. not including wearing surface. Thickness is not influenced by the material 
in the cement treated base itself, but is governed by traffic and rainfall factors and the 
characteristics of the subgrade under the base. ""Triaxial method (HRB—Bulletin 8). 
"®^ince soil-cement is not a truly flexible type of base it cannot be evaluated in the 
same manner as macadam or bituminous types for our design method. The adjusted 
values assigned to soil-cement generally result in slightly less thickness compared to 
macadam or bituminous on the same subgrade. "^Seaman tiUer, Woods mixer. Barber 
Greene, Flynn mixer, motor grader, disc, spring-tooth harrow. "^'Sheepsfoot roller 
followed by pneumatic roller. "**Patrol blade and pneumatic roller, "^^carifier, disc, 
plow, spike and spring-tooth harrow, Flynn mixer. "^'Sheepsfoot roller followed by 
pneumatic roller. "°'80% pass No. 4 sieve required on several projects. Current 
spec, requires 75% pass No. 4. "^By spotting sacks at the proper interval or by the 
use of a cement spreader set to deliver the required amount. (Majority of projects 
used bulk cement and cement spreader). "^Optimum to optimum + 3%. "^Moisture 
samples evaporated to dryness. Sand method density test. ""^Two 4 in. l i f ts , results 
good. ""RoUing must begin within 30 min and be completed within 2 hr. "*Apr-Oct 
(approx.). Spec, require temperature be not less than 40 F and r i s i i ^ . "°*No informa
tion, cost vary due to difference in materials, length of haul, manipulation and other 
factors. "*%ufficient to wet surface, no free water. "^Mostly RC-2, -3 or -4 asphalt. 
MC used on two projects and SC on one. "^Varies dependir^ on nature of base material. 

Min 7 d^s—length of time usually depends on time required to construct wearing 
girface. ""Road mix bituminous mat with approximately 4% MC-4 cutback-2 in. thick. 
^Vear ing surface of bituminous mat is necessary to secure satisfactory riding sur
face. *'*Start as transverse cracks at fairly regular intervals. ^In some cases the 
transverse cracking is followed by longitudinal cracks so that the base may be broken 
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into a block pattern. This permits some movement which is transmitted to the wear
ing surface and causes the mat to be broken up and whipped out by traffic. ""Our ex
perience limited to two projects. '"^Periodic sealing of wearing surface, '"^tate 
wide, except central blue grass area. " " A A S H O T-135-45 and 136-45. '"''We have 
used 10% by volume of aU our soil-cement. ""P and H Machine, Flynn Machine. Sea
man Mixers. **Sheepsfoot roller, pneumatic roller, and 3-wheel flat rollers. Grad
er, nail tooth drag, small amount of additional water and a pneumatic roller. '"Good 
pulverization, good mixture of cement, optimum moisture and good density. "^Keep 
well moist until curing applies. '''Keep well covered 0 . 2 - 0 . 5 gal. "^Primary criter
ion is the friability of the soil and its Atterburg Limits, " f a i l u r e to set up with cor
responding low strength and failure on wet-dry and brush tests. '"Setting time re
mains almost constant. "^Strength test requirements are not less than 300 psi un-
confined and passing the standard wet-dry and brush tests (AASHO T 135-57). ' " M i n 
imum unconfined strength of 300 psi and losses of not over 14% for soil groups A - 1 , 
A - 2 - 4 , A-2-5 and A-3 ; not over 10% for soil gi-oups A - 2 - 6 , A - 2 - 7 , A-4 and A-5; and, 
not over 7% for A-6 and A-7 soil groups. "*Where various soil types are found on one 
subgrade survey, the general practice is to use the cement requirement of the most 
prevalent types and recommend removal of the worst soils, " ^ p to 15% depending on 
the availability of granular materials. "'Each soil type is run on every major project. 
For minor projects, onlythe questionable soils are run. Cement contents for tests 
are set by experience. Original designs call for 6 in. but present practice is to use 
8 in. About 50% of our present yardage is 6 in. Normally a 6 in. or 8 in. soil-cement 
thickness with wearing course thicknesses and subbase thicknesses adjusted according 
to Texas Triax. Method. " 'P and H, Flynn, Andwall-Seaman pulvimixers. ''Cheeps-
foot, wobble wheel and rubber-tired rollers. Contractor may use vibratory or steel 
wheel if he desires providing 100% compaction is secure. '"TJeed better cleaning de
vices for sheepsfoot rollers. ' ^ '100% passing 'A in. sieve and 60% passing No. 4 sieve 
(may be done while mixing cement). " Stringline with tailgate spreaders and uniform 
truck loading plus frequent checks on depth of cut. A l l subgrades are placed to grade 
and section, then resampled prior to mixing with cement. Balloon volumeter or 
sand displacement density tests and moisture tests after mixing and before and after 
rolling. "^Depends on equipment used-8 in. normally. "°Two 6 in. l i f ts , results good. 
"^Greater the cohesion the thinner the l i f t . "'Depends on weather—4 to 6 hours. 
'"Proper proportioning of soil water and cement-rapid mixing and compacting and prop
er compaction. "Whenever weather is 40 F and rising—normally all year long, 
" ^ r o m 0.70-1.25/sq yd for 8-in. compacted thickness depending on cement content 
and location. "'Highly satisfactory—local traffic allowed immediately after compac
tion. "''Primary Roads: 1 % to 4 in. hot mixed hot laid asphalt; also, 3 course treat
ment on frontage roads and shoulders. Secondary Roads: iVa-in. hot mix hot laid as
phalt or 3 course treatment., '"Keep cement content to minimum requirements. 

Periodic resealing of surface. '**Attempted correlation of soil types with cement 
contents and attempts to correlate strength tests with brush test. Rational design 
method similar to portland cement concrete and faster methods for determination of 
cement contents. ^Standard tests as outlined by PCA. '^Use of soil-cement has been 
when material for base (gravel) has been non-existent = 1 0 mi overhaul. '*^Ve find 
± 8% satisfactory with our soils. ' ^ 6 in. to replace 1 2 in. of crushed gravel base. 
''^Checked by Kansas highway commission design method. '^^(Cohesionless = silty 
sand), Seamans. 'Sheepsfoot, wobblewheel and smooth wheel. '^Non-cohesive soils 
did not lump up. ' "Field test and predominately the color. ' "Field, density by sand 
cone, water content by drying with alcohol. '"Uniformity of materials includir^ce-
ment. '"About 0 . 9 0 . Sand 0 . 1 1 , processing 0.25, cement 0.45, seal 0 . 0 9 . '^TJo. 
1 0 0 - 0 - 2 0 % , No. 2 0 0 - 0 - 5 % . '̂ ^On shoulders only-bituminous concrete 1.5 in. '"We 
have not ventured in areas where tannic conditions might be encountered. " 'Prefer 
sands or friable silts, Would not consider heavy clay. '^AASHO and PCA standards 
for test. '*Would be based on economic consideration for a particular project. ' "Farm 
machinery such as disc harrows, cultivators on initial project. Later projects used 
multiple pass stabilizers and blade graders. "'Sheepsfoot, steel wheel and pneumatic 
rollers, spike tooth harrow for removing compaction planes. '^Steel wheel and pneuma-
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tic rollers, blade graders, broom drag. *'*80% passing No. 4 and 100% passing 1 i n , , 
exclusive of gravel or stone, ''^Moisture and pulverization tests and field inspection 
for uniform mix. "^AASHO—standard in-place density. ***Our experience has been 
only with 6 in. bases. '"Elimination of questionable soils prior to processing, mois
ture control, uniform mixing, proper compaction and curing. '°*0.75-1.00 per 6 in, 
depth per sq yd, '^As surface treatment not specifically for curing, *™1 day—with 
soil curing cover. '"Adequate moisture should be provided to keep surface continuous
ly moist. Important to have adequate water distribution equipment. ""No experience. 
Would depend on traffic and subgrade conditions per standard design practice, ""Prime— 
0.1-0.5 gal/sq yd. MC-0, MC-1, RT-2, IE-1 . 1st seal-0.25-0.5 gal/sq yd, RC-2, 
RC-3, RT-5, RT-6(ratevariesperprojectAE-5, AE-6(25-501bS.P. No. 6topsizelin.) 
and subject to engineer). 2ndseal-0.2-0.35gal/sqyd. RC-2, RC-3, RT-5, RT-6, AE-5, 
AE-6(20-35No. S.P. 78) (Topsize% in. ) . '''Cracking is inherent to this type of construc
tion. An established crackpattern denotes adequate rigidity, " ^ o experience. Have used 
this surface treatment on soil-cement bases. ' Resealing as warranted by traffic abrasion 
and spalling at cracks. '"Pavement thickness design. Better and more practical lab 
tests than freeze-thaw and wire brush. '"The only construction of this type by this de
partment was on one urban street during 1939, but there are no records now available 
concerning the work done. Research on Soil-Portland Cement Stabilization is now in 
process by this division as of 2/5/60. '™The Michigan State Highway Department has 
had little direct experience with soil-cement stabilization. The results of that limited 
e}Q>erience were not too satisfactory. Some of the counties in Michigan are using soil-
cement stabilization quite extensively with varying degrees of success. The Michigan 
State Highway Department has determined by tests that the use of a well graded base 
course containing an appreciable amount of crushed material provides adequate load 
bearing capacity. Consequently, we do not anticipate any soil-cement stabilization in 
the near future, ""includes tests from only 3 projects. "'Only tests for 2 jobs. 
'®Freeze-thaw and wet-dry durability tests. (Standard Methods). ""Soil Groups: (1) 
A - 1 , A-2, A-2-5 and A-3-14% loss max. (2) A-2-6, A-2-7, A-4 and A-5-10% loss 
max. (3) A-6 and A-7—7% loss max, "*ln general, if cement requirement exceeds 
about 12%, i t is not likely to be economically justified, "̂ 6̂ in. on al l except 1 project. 
1 secondary project was constructed of cement treated base (4% cement) with 8 in. and 
10 in. sections, "^Empirical. It is estimated that 6 in. soil-cement base wil l sustain 
spring axle loads of 6-7 tons. " 'With aggregate base, would use approximately 100% 
more thickness,of granular material than soil-cement, ""in-place mixing: P and H 
Stabilizer; Wood Mixer; Bros. Preparator; Seaman Mixer with water trucks. Prior 
to 1951 farming methods used on 3 projects. "^Central mixing plant. Sheepsfoot ro l 
lers, crawler type tractors, pneumatic rollers, pad type vibrating compactors and v i 
brating rollers. ""Nail drag, broom, motor grader, pneumatic-tired rollers and steel 
rollers. ""Same equipment as used with cohesionless soils. '"Sheepsfoot roller not 
satisfactory for granular aggregates. '*'The cement spreaders used have not been sat
isfactory. Mix-in place machines should be required to accomplish 1 cycle of dry mix
ing of cement and soil before water is introduced. Uniform application of water is dif
ficult to control with most machines. "*100% pass 1 in. sieve and 80% (by moist weight) 
pass No. 4, exclusive of stones or fragments of old bituminous surfacing, "before 
introducing water, sufficient mixing to prevent formation of cement balls. Cement 
spread on road is checked on a 1-sq yd area. On central plant a calibrated metering 
device measures cement and aggregate belt is calibrated. '**100-120% of opt. moist. 
Base shall not be unstable for compacting and finishing. '"Not less than max density 
minus 5 lb. '^AASHO T 134-57 and T 147-54 moisture. "^The thickest l i f t we have 
used is 6 in. *"8 in. base-two 4 in. l if ts; 10 in. base-6 in. and 4 in. l i f t s . '̂̂ S hr 
from the start of mixing to the completion of compaction. *"(1) Uniform cement spread, 
(2) sufficient mixing of soil and cement before addition of water, (3) uniform applica
tion of water, (4) compaction control, (5) finishing to prevent shear plains, (6) ex
cessive moisture when using vibratory compactors, (7) joint construction. Sand 
passing No. 4-100%, passing No. 40-0-40%, passing No. 100-0-5%, No. 200-0-2%. 

15 No. 1 sq yd max. ^ ' l - i n . temporary road mix; 1- to 2-in. plant mix in following 
year. **Not satisfied with cracking. *"Yes, limited traffic-perhaps 2,000 vpd. **Yes-transverse: 5 to 30 f t interval. '^Longitudinal: very irregular, sometimes as many as 
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3 or 4 in pavement width. * " N o , excavation of very few cores at cracks indicates that 
cracks penetrate the base only about 2-3 i n . , do not extend all the way through the 
base. Not positively. Central plant mixed jobs look better, ^"'indications on young 
jobs are that i t may help. ^"Crack fi l l ing and faulted joints. *"*A 23.776-mi project 
was constructed in 1939 using 9"/o cement by volume; later covered with approximately 
2"^ in. of hot mix sand asphalt. Still in use. Present traffic—1,740 ADT. ''"'Approx-
imately 2,308,016 sq yd. Soil-cement base completed. Eight (8) projects (approxi
mately 884, 500 sq yd) now under contract. One project cement treated material being 
used as subbase and 9 f t cement-treated shoulders. This project is on the primary 
system. *"*Ranges from trace to approximately 6 in. in North Mississippi. '"'Freez
ing and thawing, wetting and drying, and compressive strength in early jobs. Now— 
compressive strength only, unless retrogression in strength at older age is indicated. 
^"Complete physical and mechanical analyses to approximate starting point for cement 
percentages to use in tests. ^"'Alternate bids are received using mechanically stabil
ized base of 8 in. compacted thickness vs 6 in soil-cement base in areas where the two 
types of base are competitive. From 6-12% approximately depending on location of 
project. ^"Mississippi being a sedimentary deposit primarily has over 100 major 
geologic soil combinations on the surface. Some areas do not have any sand gravel de
posits. Extensive areas of heavy clays are encountered in other areas. Except for 
soft limestone, crushed stone is not available in Mississippi. *"6-in. compacted 
thickness on all jobs. ^"Arbitrarily used 6-in, compacted soil-cement equivalent to 
8-in. clay gravel base. '"'P and H and scarifier (when necessary) and Seaman Mixers. 
*^heepsfoot and self-propelled pneumatic-tired rollers and self-propelled tandem 
(present practice) vibratory roller used on several late jobs. '*"Motor patrol, harrow, 
pneumatic-tired roUer, smooth-wheel roller, ''"Scarifier, disc, harrow, P and H, 
Seaman Mixers. '^'Sheepsfoot and pneumatic-tired rollers. *'Motor patrol, pneuma
tic and tandem rollers. *®A-4 plastic (PI 10) (nothing retained on No. 10 sieve). About 
worst soil mixed with cement to date. '^More thorough pulverization on plastic, fine-
gained soils. '""90% pass No. 4 (exclusive of material-gravel—retained on No. 4). 
^ F i e l d laboratory on each job made gradation, densibr. thickness and cement yield 
tests. *'Tests for total water and the sand method. (1) Thorough pulverization, 
(2) Start mixing soon after cement spread, (3) Compact to maximum density at opti
mum or slightly below, (4) Do not allow to dry before application of curing material. 
^'Emulsified asphalt (Miss. EA-4) diluted with 100"/o water and applied. *'Use con
crete or coarse sand with some retained on No. 40. Some projects where local traf
fic must enter, 6 in. selected material for turn-around areas and crossovers to pro
tect cement-treated base. '"'Heavy equipment or loads not permitted on soil-cement 
bise during protection and cover period (7-day minimum). ""9 f t cement surface treat
ed shoulders, 1 course 150-200 pen. A.C. at application 0,30-0.40 sq yd, followed 
immediately by 0.50 cu f t l"/4 in. max size aggregate (can be slag, stone or gravel); 
second application of 150-200 pen. A.C. at 0.27 to 0.35 gal sq yd immediately covered 
with 0.25 cu f t % in. max size aggregate (can be slag, stone or crushed gravel). '""On 
secondary roads: few jobs received approximately 2% in. sand asphalt hot mix. Most 
projects received double bituminous surface treatment described under 6a(l) for 
shoulder surfacing. ***Traffic density and type determined kind of surface. '^Heavy 
delta gumbo A-6-7 embankment tends to have some longitudinal cracking near edges. 
**When placed on heavy clay soils and not supported by layer of granular material, at 
least 6 in. compacted thickness; but where embankment is low volume change mate
rial , cracking does not seem to be too detrimental to structural integrity but is un
sightly. '^Compacting mixture at or slighUy below optimum seems to reduce cracking 
and severity of cracks. '***Helpful but some reflection cracks eventually come through 
thin bituminous mats, '"^eal about every 6th year using approximately 0,28 gal of 150-
200 pen, asphalt cement /sq yd and 0,23 cu f t % in. down crushed aggregate (stone, 
slag or gravel) /sq yd. '^Project recently completed in Delta area where sand clay 
topping material is scarce. Treated top 6 m. of embankment soil (A-6-7) with hydrat-
ed lime, then added portland cement. This 6-in. compacted layer used as the subbase. 
Better than 65"/o pulverization obtained (passing No. 4). '"'Missouri river area, north 
central edge of Ozarks, extreme Southeast Missouri. conforming with ASTM C 150. 
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**ASTM D559-57 and D560-57. ^"Soil-cement losses during twelve cycles of either 
wet-dry or freeze-thaw shall conform to the following limits: Soil Groups A - 1 , A-2-4, 
A-2-5 and A-3 not over 14%; Soil Groups A-2-6, A-2-7, A-4 and A-5 not over 10%; 
Soil Groups A-6 and A-7 not over 7%. Built before we adopted a thickness design 
method. *®We haven't since none has been constructed since adoption of a thickness 
design method. '*®Woods mixer, P and H 1-pass stabilizer, Flynn Machine. '**'Pneu-
matic and flat steel-wheel rollers. *^Motor grader, broom drag, pneumatic and flat 
steel-wheel rollers, ''^^oods Mixer supplemented with tUler, P and H 1-pass stabil
izer, Flynn Machine, plows, disc harrows, cultivators and rotary til lers. *"Motor 
grader, nail drags, spike tooth harrows, pneumatic and flat steel-wheel roUers. 

Yes, except with mixer that elevates material from windrow. This machine is in
efficient if overloaded. '**Traveling plants that elevate material from windrow cannot 
be overloaded and must be supplemented with other equipment. *"By observing the mix
ture for the fu l l depth of treatment from time to time. Not more than 5 lb below 
max density. Adequate mixing and water distribution. ^Only where it is used by 
traffic during curing period. Any approved sand, 12 Ib/sq yd. '*"3-4 in. of asphaltic 
concrete (hot-mix) depending on the traffic. 2-in. bituminous mat (cut-back asphalt 
and aggregate), ^ e a l coat of penetration asphalt (1st appl.), RC-1 (2nd appl. for 
color differential), and cover materials; makes about % in. ' * " A s illustrated by 
Hveem, Figure 31, HRB Bui 187. ^Varies considerably with temperature—7-14 days. 
**The finer the texture, the closer the crack pattern. Not shrinkage cracks. We 
have made a practice of pouring these cracks which eliminate the main danger of sur
face abrasion. *"'But understand PCA advises they can be minimized by compacting 
slightly on the dry side of optimum moisture. '''̂ We have had to resurface several jobs 
that had only a seal coat or light bituminous surface originally. *'"$398.00 annually 
(based on 1950 figures). ^"Crush to % in. max with 25% of minus No. 4 pass No. 200 
mesh from designated sources. ^ ' ^ I fa te concentration based on optimum moisture 
(0.25% of optimum by weight), " ^ c e p t to avoid using highly alkaline soils. ' '^Min-
imum of 350 psi in 7 days Freeze-Thaw Test (Standard). Freeze-thaw and 7 and 28 
day compressive strength. *™l-6 (1) Primary 0.60 f t and 0.50 f t . 1-6 (2) Secondary 
0.50 f t . •*™HRB SoUs Classification, Vol. 4-5 with Montana Revision 12/15/55. ^Sea
man Rotary Mixers and Central Mixing Plants. '"'Self-propelled pneumatic and steel-
wheel rollers and vibropack. ^Motor patrol blade and steel-wheel rollers. * ' T i l l a 
minimum of 80% of soil passes No. 4 sieve exclusive of gravel retained on No. 4 sieve. 
* ^ o t more than 6 hr after cement is added until completely processed, ^^ot during 
season of probable freezing and temperatures above 40 F and rising. '®®Minus % in. 
soil-cement aggregate. * 0.25 f t comp. in two 0.125 f t courses of two bin plant mix. 
**0.20 f t comp. depth—1 course—1 bin plant mix. ^'Except for freezing and thawing 
prior to plant mix (surfacing). *°Filling pavement cracks with bituminous material. 

Very low—yes, low-x. Not available as all projects are less than 2 years old. 
^'The last soil-cement base course constructed by this department was in 1947, and 
we therefore cannot provide information on any projects which were built under more 
recent methods of construction. **A11 but two projects in eastern Vs of state. '"*Mois-
ture-density relations, wetting and drying test and freezing and thawing test. ASTM 
D-558, D-559 and D-560. **Wetting and drying, freezing and thawing and unconfined 
compression test results. ^'S in. —30 m i . , 5-8 in. —4 mi, 6 in. —43 mi, total 77 mi . 
''"Followed general recommendations of PCA. **Considered higher strength material 
and to have better load distribution. *°Flynn roadbuilder, disc harrow and pike tooth 
harrow. "'Sheepsfoot rollers, pneumatic-tired rollers, 6% ton tandem roller. 
^Blades and pneumatic-tired rollers. ^''Flynn roadbuilder, Jaeger traveling plant 
mixer and Barber-Greene Mixer, ^heepsfoot rollers, pneumatic-tired rollers, and 
tandem steel-wheel rollers.' "^Optimum-determined by laboratory tests. "Uni form 
mixing, time of laying, moisture content and compaction. ^'Minimum of 3 m. of as
phaltic concrete. ^"Double Armor Coat would be minimum RC-2 or 3. Cover aggre
gate-gravel, 20-30 Ib/sq yd. ^Some patching and seal coating. "°1 job, 2 mi using 
dune sand and 6% cement—1949 6 in. thick. 1 job, GVZ mi using in-place base and sur
facing 8 in. thick put through preparizer. 3%% cement—layed in two 4 in. courses, 1955. 
^"Comprehensive (compressive-?)strength, freeze, thaw. ^"Comprehensive strength 
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(compressive- ?). ^''Based on required thickness crushed gravel. "*Both jobs soil-
cement used on account of scarcity of gravel. ' ' A r r o w s , gang plows and blader. 
^"Sheepsfoot and steel rollers. Blader, pneumatic roller and steel roller. '"De
creasing quantity of cement helps. "'Any appreciable amount of top soil wi l l prevent 
hardening of the soil-cement. The addition of calcium chloride (up to 1% by weight 
of soil) wil l overcome this condition usually. *"Cubes for compressive strength, 
cylinders for compressive strength. Density tests. ^ M i n 250 psi in 7 days, 400 psi 
desirable. ^Project consisted of widening the existing roadway. Shoulders were 
widened 5 f t on each side 9 in. deep. ^Coil-cement was constructed to same thickness 
as original 9-6-9 pavement. "'Hetherinrton-Bemer set up as stationary plant, having 
water tank and belt with strike-off bar. Two Jackson vibrators, grader and 3-wheel 
steel roller. ^'Shoulder machine, boxwith adjustable strike-off bar, and grader. 
^Need more accurate control over materials and water. ^By using Hetherington-
Bemer mixing machine. ^Proper preparation of materials and due regard for weather. 
"'Bank run sand, 10 Ib/sq yd. Not closed except during construction period. "'Either 
asphaltic concrete or % in. pea stone seal. "*Central and south New Jersey—Hunter
don, Burlington, Monmouth, Ocean, Cape May, Salem. "'Leadabrand short test method. 
"Coil-cement at 6 in. "'Road graders to scarify. Pulvimixers to pulverize. ""Sheeps-
foot, rubber tire and steel wheel (both tandem and 3 wheel). "'Road grader, rubber-tire and 
steel-wheel rollers (tandem and 3 wheel) broom drag. '"Visual sampling and inspec
tion during dry and wet mixing. "'Optimum * 2% depending on season of year. No 
stated time interval, all construction operations are continuous. '"Adequate equipment 
and maintenance, properly trained operating personnel, supervision and inspection. 

1.225 with 11% cement by contract (1959). to 1 gal per day or as required. 
' * '%- in . crushed stone or gravel at 15 Ib/sq yd. First application: RT 1 or 2 at 
0.25 gal/sq yd and 15 lb '/a-in. crushed stone or gravel; second and third application: 
RT 7 or 8 at 0.30 gal/sq yd and 30 lb '/e-in. crushed stone or gravel. '^Firs t applica
tion: MC" at 0.20 gal/sq yd or RC 3 at 0.25 gal/sq yd plus 15# '/a-in. crushed stone or 
gravel. Second application: MC 2 at 0.40 gal/sq yd or RC 3 at 0.25 gal/sq yd plus 
25# '/a-in. crushed stone or gravel. '^Standard specification for hardness, soundness, 
etc. '"standard AASHO methods: Class A—min 650 psi at 7 days and Class B—min 
300 psi at 7 days. "'Class A—650 psi min at 7 days and Class B—300 psi min at 7 
days. '®This study has not been made. However, it would depend on length of haul 
of materials suitable for construction without treatment. '"Primary (including Inter
state) 6 in. basically, under concrete pavement 4 in . ; secondary 6 in . ; urban 4 to 8 
in. '^veem "R" Value Method has been used to determine total thickness of base. 
However, depth and type of cement treatment is based on other factors such as traffic, 
locality, existing moisture conditions, etc. ' " l in. Class B cement-treated base equiv
alent to 134 in. untreated gravel. Class A treatment equivalent to 1% in. untreated 
gravel. ^Voods Windrow Mixer. Plant Mixed and P and H Traveling Mixer. '^Pneu
matic and steel-tired rollers. '*Woods Windrow Mixer, P and H Traveling and Sea-
mans. "'Pneumatic and steel-tired rollers, vibrators (plate type). ""Yes, except 
Seaman Mixers required at least 4 passes for proper mixing. Materials used have 
been sands or standard base course aggregates. Visual inspection. No problem 
here due to types of material used. See 4d. "'8 in. total in 4 in. lifts-good. "*Prop-
er moisture content. Finishing details for a smooth surface especially at joints. Lim
ited to temperature min 40 F or when temperature may fa l l to 40 F within 24 hr. 0.75 
to 0.80 /sq yd based on material at $1.20 per ton and cement + processing at 0.35 to 
0.40/sq yd. " ' i n some cases it is covered with sand for blotting purposes. '**Water 
curing is used on cement treatment under concrete slabs to allow fine grading prior to 
slab placement. "'Plant mix 3-4 i n . , 85-100 pen. asphalt. '®Plant mix 2-3 in^. 120-
150 pen. asphalt. 2-course surface treatment 120-150 pen. asphaltandMC-5. '^Trans
verse—varies with percent cement and material types. ^Cracking varies with lineal 
shrinkage of natural material used. This study is not complete nor conclusive. "'Re
flective cracking through the wearing course but does not seem detrimental as yet. 
'™Our experience shows min water content to obtain proper density minimizes cracking. 
'"(1) Relationship of cracking and lineal shrinkage of natural material used. (2) Place
ment of cement-treated base directly on subgrade with a layer of untreated surfacing 
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between the cement-treated base and the wearing course. This should eliminate or at 
least minimize reflective cracking. "*Our only problem seems to be the cracking, a l 
though it does not yet seem to be structurally detrimental, ^^uffo lk County, Long Is
land and Onondaga County in central New York. '^Organic residue from coniferous 
trees (pine, hemlock, spruce) would not allow cement-treated soils to harden. '"By 
use of l"/o calcium chloride. '"pH, gradation, specific gravity, Atterberg limits, 
^n—Most generally used in the state and specification can be most general. ""Unconfined 
compression, freeze-thaw and wet-dry losses after 12 cycles. *"Min 300 psi uncon-
fined comoressive strength and max 10"/o loss on 12 cycles of freeze-thaw or wet-dry 
testing. Rule of thumb method wherein we do not start with soils exceeding 30% 
pass No. 200 sieve or PI greater than 10. '"We occasionally require "/2% calcium 
chloride to be added to mix. "^PCA does not recommend less than 6 in, thickness for 
rigid pavement of soU-cement, "Sheepsfoot rollers and/or pneumatic-tired multiple 
rollers 1 ton capacity with 1,000 to 2, 500 lb/tire pressure. "'lO-ton steel-wheel tan
dem rollers. Sheepsfoot rollers having feet of minimum 7-in. lengths and 5 sq in. 
flat surface and pneumatic-tired rollers of 10 ton capacity having 1,000 to 2,500 lb/t ire 
pressure. ""Need of more thorough uniform incorporation of cement throughout the 
mixture. "'Most of our so-called cohesive soils are predominately of silt size and 
therefore are not really lumpy or clod like at beginning of operations. ""By designat
ing a minimum number of passes at pulverizer initially, with additional passes as re
quired in opinion of engineer. ""Sand cone method for density control with field drying 
by gas stove of moisture samples. "^Uniform incorporation of cement througout mix, 
proper moisture content, specified compaction requirement. ""Between $1.15 and 
$1.30; this includes bituminous seal coat. '"*20-30 lb of No. l A stone {% to "A in . ) . 
This is for stabilized shoulder area. On base course construction we do not place 
stone chip seal. " 'After wearing surface had been applied. in. AC top (l"/* in. 
of binder and % in. wear surface). Binder is NYS coarse mix—approximately 4.8"A 
asphalt cement; top coarse is fine mix—approximately 6.5% asphalt cement. "'Only 
single shot seal with stone chips. ""We use single surface seal chip on shoulder and 
2"^ in. treatment on regular traveled sections of pavement. ""Shrinkage on expansion 
but not due to settlement of base. """Our stabilized bases have had sufficient structural 
rigidity. '""Suggest sufficient cement be used; also, proper compaction and moisture 
control and curing. ""Periodic single surface treatments with bituminous material 
and chips. """Coastal plain, piedmont, and mountains. ""^Wet-dry durability tests— 
AASHO T-135, freeze-thaw durabUity test-AASHO T-136. " 'Max. loss ("/o) durability 
test for indicated soils: A - 1 , A-2, A-3-14"/o; A-4, A-5-10"/o; A-6, A-7-8"/o. '**We 
use the pedological system. See Proc. HRB, Vol. 19 (1939), p. 522, Table 1. Ce
ment for the Iredell " B " horizon has since been established at 16% cement, " ' l in. of 
soil-cement = 1% in. of aggregate base course. Factor established by ejcperience. 
For pavement thickness design, see HRB Research Report 16-B, pp. 73-77. """Seaman, 
Wood and P and H Mixers. Sheepsfoot and pneumatic rollers. Pneumatic and steel-
wheel rollers. '""Moisture by visual inspection; density by in-place density tests. 
""Correct amounts of cement and water, thorough mixing and adequate compaction. 
'""Generally AprU-November, lowest temperature is 40 F. '"*$1.06 for 12% by volume 
based on $6.00 per barrel for cement and $0.35/sq yd for processing. ' " ' B S T 0.2 gal 
MCO prime, 0.4 gal APO, 42 lb stone, 0.3 gal RC-2, 25 lb seal stone. '"'Heavy 
clay soils crack more. ' Replacing thin wearing surfaces that permit water to pene
trate and freeze. ""SoU-cement base was constructed from shoulder to shoulder of the 
road bed, but narrower on secondary, '"Extreme temperatures during summer may 
reach 100 + F and also lows of -40 F during winter. " Textural Class. • Fine sandy 
loam BPR soils group A-2-4 (0), ""No. 140 (0.105 mm) 45 to 49. ""Total specimen 
weight loss by ASTM. Wet-dry and freeze-thaw tests. ""*% of weight of specimen 
lost in accordance with ASTM specifications. ''*Used ASTM specifications in accord
ance with PCA recommendations. "Soil-aggregate—9 in. base thickness. Soil-bitumin
ous—6 in. base thickness. ""Pettibone-Wood Traveling Mixer. "'Self-propelled pneu
matic-tired roller. """There was tendency to operate beyond the capacity of the machine 
so the pug-mill would become choked. This, however, is no fault of the machine. It 
appears to operate satisfactorily when loaded properly, ""Our soil was 100"/o imported 
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and it was cohesionless but the specifications required 80% of the soil by dry weight 
exclusive of gravel or stone has to pass a No. 4 sieve for cohesive soils. The soil 
was placed in windrows of known cross section by use of a spreader box. Then bulk 
cement was charged into the windrow at a predetermined rate directly from the cement 
bulker. "'Not more than 2%—age points above optimum moisture content. ^The 
average density of the base constructed on any one day shall not be less than the max. 
density as obtained by AASHO T-134 minus 5 pounds. No individual test shall have a 
density less than the max. minus 10 lb. "^^Eliminating or avoiding compaction planes 
and the method of making construction joints. It requires good procedure in the finish
ing operations to obtain a smooth riding surface. " June 1-Oct 1. Varies from year 
to year because of temperature differences In fa l l of year. ^Hst job let in 1955 cost 
$0.98/sq yd. 2nd job let in 1956 cost $1.23/sq vd. ""Sand at 20 Ib/sq yd, 100% pass 
% in. sieve, 90-100% pass 'A in. sieve and 0-20% pass No. 100 sieve. ®''2-in. as
phalt concrete wearing course 150-200 pen. asphalt. ^Both random longitudinal and 
transverse. ^Some minor cracking developed during construction but most of i t dur
ing 1st winter. ""No experience, but i t is believed delayed placement would not elim
inate "reflection" cracking. Bituminous overlays on old concrete pavements bear this 
out. *"$650. per mile average per year for the f i rs t 4 years of its l i fe . "^Portland 
cement and air-entraining portland cement. ^AASHO T-135-57 (ASTM D-559-57). 
AASHO T-136-57 (ASTM D-560-57). ***No strength criteria. Allowable loss of 
durabUity criteria: A - l - a , A - l - b , A-2-4, A-2-5, A-3-14%; A-2-6, A-2-7-None; 
A-4, A-5—10%; A-6, A-7-5, A-7-6—7%. **^se minimum amount of cement that re
sults in meeting "Durability requirements^." "^oil-cement projects have not in
cluded alternate methods of construction. " 'Primary roads—subbase, 3 and 5 in. Secondary 
roads—base, 6 in. "°Based on experience with general construction of this type. 
"*Farm tools, P and H and Seaman Traveling Rotary Type Mixing Machines. ^"Smooth 
wheeled tandem roller. '^'P and H and Seaman Mixers gave good results. *®Farm 
tools not generally satisfactory. ®^Not less than 5 lb below wet weight specified by 
the engineer based on field density tests. "^AASHO T-99-57T (ASTM D 698-58T) and 
actual field drying of moisture samples, '^^niform mixing of cement with soil. 
®*$0.99/sq yd (latest available information). '"Bituminous surface treatment or b i 
tuminous road mix surface course. '^Spongy subgrade responsible for cracks observed. 
'^Eliminate or avoid spongy subgrade. ^J^'^ severe weather changes and vari
ations. ^ ' % combined silt and clay 10-45. *"We have used only clean sands and silty 
sands. The top soil has been excluded. "®Short-cut method proposed by PCA for soils 
containing less than 55% combined silt and clay, and less than 20% clay. ^Compres
sive strength is used on PCA curves. °"*8 in . on primary roads, 6 in. on rural roads. 
""̂ We use same thickness design as that determined for soil-aggregate base course. 
"'Disc, harrow, motor patrol, grader, water truck equipped with spray bar, mechan
ical spreader, traveling nlant (single pass type). ""Sheepsfoot, pneumatic-tired and 
steel-wheeled rollers. Motor patrol grader, water truck with spray bar steel-wheeled 
roller. "'"Density by rubber balloon volume meter. Moisture content by dicing a 
sample. ""Asphalt emulsion prime coat applied immediately after finishing. *°Satu-
rate surface to prevent absorption of bitumen. ""At engineer's discretion after 7 days 
curing. "'^Double bituminous surface treatment. Total 200-250 pen. asphalt = 0. 55 
ral/sq yd. Total No. 1 cover = 1 C. Y./60 S. Y. Total No. 2 cover = 2 C.Y./140 S.Y. 

^ not participate in airfield construction. "'"Shrinkage cracks develop with curing 
and drying of soil-cement course. ""Cracks in surface are usually too narrow for ravel
ing to develop heavily traveled lanes sealed during warm weather. Seal can be effected 
with light treatment of emulsion or road o i l . "'"Does not eliminate but helps. ""Bitum
inous seal coats over secondary surfaces. None to date on asphaltic concrete. """Aver
age annual mean temperature 48F. Average annual freeze-thaw cycles 60 F. ""'Failure 
to harden properly in curing, """ih several cases a CaCla additive failed to give desirable 
hardening. Color—avoid gray or black soils (organic). ""Air-entraining portland 
cement—normal strength, ^ e v e n day unconfined compressive strength test. Freeze-
thaw test (12 cycles). """300 psi min 7-day unconfined compressive strength 12 cycle 
freeze, thaw, losses max. A - 1 , A-2-4, A-2-5, A-3-14%. A-2-6, A-2-7, A-4, A - 5 -
10%. A-6, A-7-7%. ""'For A - l - a , A - l - b , A-2-4 soUs the "short-cut test procedures 
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for sandy soils" (modified) has been recently adopted. ^ 6 in. base on secondary roads, 
4 and 5 in. shoulders on existing primary roads. 6-in. soil-cement base was used 
in place of an 8-, 9- or 10-in. crushed aggregate base course. ^Motor grader, multi
ple-pass rotary mixers, traveling plant (formerly used farm type equipment such as 
harrows, etc) . ''^S-wheel steel rollers and pneumatic-tired rollers. """Motor grader, 
broom, steel wheel and pneumatic-tired rollers. ^We have not used cohesive soils in 
any quantity. ®*rhere is a need for more use of single pass traveling plants, ""tlni-
form spreading of cement, having soil in a uniform loose condition at time of cement 
application, control of moisture content, color. "^Various tolerances based on opti
mum moisture content AASHO T-134. 100% of max with a 5-lb tolerance. ®*Obser-
vations of other construction indicate 8 in. ' Two 3 in. layers—too thin with our niax. 
size aggregate. ^Obtain thorough pulverization of soil, equal distribution of mixing of 
cement with soil and water, highest possible density, careful curing. "̂ ^With depart
ment forces $1.01/sq yd using 50% borrow and 50% site soil. Contract project $1.20/ 
sq yd, 40% borrow, 60% site soil. ™Sand percent pass: No. 200 (0-6), No. 100 (5-30), 
No. 50 (40-75), No. 30 (65-90), No. 16 (85-98), No. 8 (100). ^After placement of 
wearing surface. '^P.D.H. specs: CP-2, 2 in. road mix surface; AT-1, 1 in. road 
mix surface. "^Existing primary roads (surface treatment—0.3 gal bituminous per 
25 lb chips). New construction primary roads (P.D. H. spec. —ID-2 binder course). 
'""Most construction was performed by department maintenance forces. They used a 
surface treatment with which they have had experience. '"'Any failures investigated 
appear to have no relation to the common transverse cracking. ™*Careful curing ap
pears to reduce the size of cracks and spread them over a larger area. '^K will be 
assumed that soil-cement shoulders were surfaced unless otherwise indicated. '""Coast
al, central and upstate. '̂ ^Clay in excess of 40%. '"^Poor stability and considerable 
cracking of the base. '"^Increased cement content helps. '"Type I (1 job—Type HI). 
'"Durability tests: wetting-drying and freezing-thawing. These tests were run on 
samples compacted to optimum moisture content as determined by Proctor density 
curves. Wetting-drying cycle consisted of 8 hr wetting at 70 F , followed by 16 hr dry
ing at 400 F . Freezing-thawing cycle consisted of 8 hr wetting at 70 F , 16 hr freezing 
at 0 F , 8 hr thawing at 70 F , and 16 hr drying at 400 F , '̂ "Wetting-drying and freezing-
thawing tests on samples compacted to optimum moisture content and containing various 
amounts of cement. Primary—base: 6 in. - 46.8 mi, 5 in. - 15.1 mi; subbase: 
5 in. - 5.1 mi, 4 in. - 2.7 mi; shoulders: 6 in. -7 .5 mi, 5 in. - 1.1 mi. Secondary-
base: 5 in. - 13,0 mi, 4 in. - 6.4 mi. Urban-base: 6 in. - 0.7 mi, 5 in. - 1.7 mi. 
'"This process is generally not used with cohesionless soils. '^'Scarifier, disc har
row, road machine, cement spreader, turn plow and water spreader. """Sheepsfoot 
roller, road machine (smoothing), pneumatic-tired roller. The compaction of the 
top layer of soil, so that it is smooth, is difficult. The final compaction of the soil-ce
ment has been done in some instances with a tandem roller. However, the top portion 
of the soil-cement was not properly bonded to the base, and scaling sometimes resulted. 
'"Max lump size 1 in. in diameter. "*By color in some cases. Laboratory analysis 
has shown the method to produce uniform mixing. ''^The moisture content which was 
desired was the optimum moisture content determined in the laboratory by the Proctor 
density method. Soil samples were tested every 500 ft, or more often if the soil type 
changed, "^mples were compacted in a Proctor mold and weighed. Then the samples 
were dried on a hot plate, and dry densities were determined. The moisture content 
and dry density were then compared to the Proctor curve to see if the section was ready 
to be compacted. '̂ "When constructing the soil-cement in sections, as was our usual 
practice, the "turn-arounds" gave trouble. There was danger that the heavy equipment 
might break the previously compacted section or that excess soil might be mixed with 
the soll-cement at these places. Rain can cause a section of uncompacted soil-cement 
to become too wet. In that event, if the section had not dried to near optimum water 
saturation within the specified 8 hr compaction period, the section might be ruined. 
Priming was necessary in order to achieve a good bond between the bituminous wearing 
surface and the soU-cement base. The surfacing might ravel at the edges if the sur
facing was not terminated some 6 in. short of the edge of the soU-cement. ™'The sur
face was primed within a few days with tar or cut-back asphalt. Sand was placed on the 
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prime to form a temporary wearing surface. "^Surfacing requirements: 0.4 gal/sq 
yd of 150-200 pen. asphalt (over prime), 32# of aggregate, RC-2 asphalt seal with 
22# of fine stone. The thickness of the wearing surface is approximately % in. ^^Heavy 
clay soils produce the most cracking. ""Nearly all soil-cement cracks, but the jobs 
generally are satisfactory. '"̂ A few very small unstable areas in some roadbeds have 
been treated. ""No specific criteria. The cement content chosen is the most econom
ical one which shows the best comparative results. Standard AASHO. "̂ 4 to 13% by 
weight depending on type of material. ™*6 and 8 in. on all primary roads. 4 and 6 in. 
on secondary or coun^ roads. 6 in. has proved adequate for secondary traffic, 8 in. 
for heavier traffic. ^ cases where alternates have been taken with clay gravel, 8 
in. of soil-cement was considered equal to 12 in. clay gravel. "^Seaman mixer, P and 
H stabilizer. "'Sheepsfoot roller, pneumatic roller and vibrating roller. ""Motor 
patrol, spike tooth harrow. "^Motor patrol, spike tooth harrow and pneumatic roller. 
**Mixing is done at the same time as pulverization—80% passing No. 4. ''*̂ By uniform

ity of spreading cement and visual inspection of mix. ^^From 1 to 2% above optimum 
according to soil type and weather. Sand density cones and field determination of 
moisture, ^^reater thicknesses can be built in cohesionless soils, ''^^liminate un
stable subgrade uniformity of cement spread and mixing. '̂ No seasonal limitation— 
40 F and rising. "'Emulsified asphalt, SS-1 cut with 50% water. '^Plant mix-Va in. 
down limestone with 40% natural sand. AC 85-100 pen. seal—% in. down limestone 
8-12 Ib/sq yd tar, cutback or AC 200-300, 0.2-0.3 sq yd. Surface treatment-% in. 
down min aggregate 12 lb min sq yd tar, cutback emulsion, 25-50 gal sq yd. '^Bitum
inous double surface treatment (see footnote 748). '^'Heavier soils have close pattern. 
'"Pavements under traffic 18 yr have no structural failures. '^Highpenetration as
phalts minimize cracking. '^'Very low maintenance—reseal from 4 to 8 yr. '"Quanti
ties furnished by PCA. These figures not broken down by base, subbase or shoulders, 
' ^ e have treated soils of all kinds of gradations. '"Punching-shear and unconfined 
compression. Methods will be printed in New Design and Testing Manuals. '*Most 
old job designs were based on judgment. Hope to use triaxial and cohesiometer meth
ods in the future. '^Sometimes. Real thick bases are reduced on the bases of cohesio
meter values. '""Methods will be in New Design and Testing Manuals. '"^heepsf oot, 
vibratory and rubber-tired rollers. ""The usual, plus squeeze casts in the hands. 
'"Avoid poor design, mixing, compacting and curing. Prevent raveling under traffic. 
'**A^egate number 10, 1 cu yd/100 sq yd. '"'Causing pumping and freeze-thaw dam
age. No soil poorer than A-2-4 used. Every project varies in grading analysis. A-
2-4 to A- l -a soils used—we remove all + 3 in. material. '"'Study underway by Utah 
State University at Logan, Utah in cooperation PCA. '^Strength P.S. I. at 7 and 28 days. 
'"^Thicknesses vary considerably, depends on local conditions (from 7>% to 8 in.). We 
use what we term a cement treated base course (soil-cement) 2% by weight, not for 
strength but to upgrade our crushed gravel base course. We find that we do, however, 
obtain slight beam strength not used in design. (See PCA Cement Content vs Thickness.) 
"^Vhen satisfactory materials are in place on the roadway or shoulder and grade lines 
are not to be altered, we use road mixing equipment. All projects where we import or 
transport for cement-aggregate or soil-cement, we require plant mixing for better con
trol. Practically all interstate projects will have a 6 in. ± cement treated base 2"/o t 
by weight, plant mixing. Road mixing and plant mixing machines. "^Tamping, steel 
wheel and pneumatic. Standard motor graders, laying machines and sprinklers. 
'"Yes, with right and rigid controls. "^Types of soils A-2-4 to A- l -a pulverize very 
easily, not difficult to obtain complete pulverization. ""By thorough spreading of ce
ment, water and mixing. ""Optimum as required for mixture, "'^ust be laid and in 
place 4 hr after addition of water. Correct distribution of cement, thorough mixing, 
compacting and other rigid construction controls. ""Varies according to location and 
quantity of cement specified. Including all materials and complete in place with 4"/o 
cement 0.50/sq yd. '™RC-1 liquid asphalt or RS-2 emulsified. ""Sand or friable fine 
material at traffic crossings. "̂ 3 in. min hot plant mix using 85-100 or 120-150 pen. 
asphalt. '"̂ Road mix using MC-3 liquid asphalt and plant mix using same as primary. 
'"'Used for same as any other granular base for asphalts. '**Not as a surface, only 
used in base. '""30-90 days in mixtures of 5-10"/o cement by weight. '""Not if cracks 
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are properly filled and maintained in climates of freezing and thawing actions. ™'Re-
duction in cement lean mixtures, 2-4% show less cracking. Rich mixes like PC con
crete, we have arrested crack reflection by placing a 4 in. thickness of dense crushed 
gravel (non-plastic) between cement base and bituminous surfacing. ""^2,000 ft by 40 
ftby6in. runway (proposedfor 1960 construction). ™'7 mi times 20 ft times 6 in. (E. Haven 
Access Road) (proposed for 1960 construction). ''*°We are not sure at the present. Ad-
diton of 1% CaCla on one isolated project seemed to work. However, in the future we 
will try to analvze the soil chemistry. '"^Non-hardening of the soil-cement mixture. 
'"Addition of 1% CaCla by weight of dry soil. "^Contract project-freeze-thaw. Main
tenance and force account—Pick and Click and/or compression strength. ''^Contract 
project—soil-cement loss (%). Maintenance and force account (Pick and Click) hard
ness and sound at 7 days. Coi^ressive strength at least 300 psi at 7 days, "ht is my 
opinion that 16% is the max. Normally we use 15-24 in. of gravel base course for 
our secondary roads. We use 12 in. of selected borrow with the top 6 in. soil-cement. 
'"S-wheel, 10 ton roller (steel) rubber-tired rollers, capacity unknown. ™*We have 
trouble with rutting when rolled with heavy rubber-tired rollers. ™°Visually checking 
for uniform color of soil and cement. """Not less than 5% below max density. ^^Mois-
ture content by alcohol drying. In-place density by sand cone method. "®(1) Premixing, 
(2) Mixing of soil and cement, (3) Max of 0.5 ^1/sq yd of water per shot during wet 
mixing, (4) Seal as soon as possible. *®May 1-Nov 1 (temperature min 40 F) . " ^ . S l 
to 1.04/sq yd (not including wearing surface), ^'^and cover, % in. to 100%; No. 4, 
85-100/o: No. 100, 0-8%. **We sealed as soon as compaction operations were com
pleted. ™"Blade mix using % in. max stone MC-3, RC-3 blend with sand seal. ***We've 
used a blade mix over most of our soil-cement projects. ^ I t is considered to act as 
a semi-rigid base and not as a slab. '"Only retreatment of wearing surface every 3 or 
4 years. ^^$4,000/mi every 4-6 yr. °^Soil-cement is rather new to us and we haven't 
considered any research programs yet. '"The soil-cement mixture does not harden. 
'"Cap the sections which contain organic material with select borrow and stabilize the 
borrow material or add CaCla (0.6% by weight of cement) to soil and cement. '^'De
signed strength of 500 psi and ASTM methods. '"From 6-8 in. one primary project 
with 12 in. base (8 mi) 8 in. to 15 mi. All other 6 in. '"Arbitrary 6 in. depth for 
secondary roads, CBR method for primary roads. '"One pass or multipass pulvimix-
ers. '"Motor graders, brooms, harrows and rubber-tire and steel-wheel roller. 
'̂ "Sheepsfoot and rubber-tire rollers. "^Need better pulverizers for heavy clays to 
prevent large clay balls. ""Until 80% of soil mixture passes the No. 4 sieve. ""'Take 
moisture samples and run in-place density tests. m, (with longer feet on roller). 
""Proper and uniform amount of cement, thorough pulverization, proper compaction at 
optimum moisture and good finishing and curing. ""'Some in the pass, none since 1954. 
'^RC-2-AEM-l or 2 and MC-1 or 2. '^'74 in. down or coarse sand. *"Prime, 80 lb 
drag and seal 1% to 3 in. of bituminous concrete. (Plant Mix). ""Double surface treat
ment or iVa in. of bituminous concrete. "^Interstate—3 in. plant mix. Primary—prime 
and seal. "^Erosion control of coarse sand along the beach of a large river. Cracks 
the surface but does not appear to weaken the base. "*We can minimize the cracks by 
delayed placement of the surface or by using a drag treatment. "^Patching occasional 
weak spots in the base soon after construction and sealing the surface after 2 or 3 yr. 
"^These figures are miles of equivalent 2-lane roadway. Also built are 55 mi of widen
ing, ramps, frontage roads and truck lanes. "'RainfaU extremes: East—7/4 in. - 25 
in., West-15 in. - 135 in. Temperature extremes: East—20 F - 110 F , West-+10 F 
to 100 F . Max frost pen.: East-54 in., West-25 in. '̂ 'Weather conditions differ on 
either side of Cascade Mountains. '^'The limits shown include practically all soils 
used. '^'Lack of compressive strength in treated material. '̂ 'None, other than re
jection of material which fails to develop sufficient compressive strength in laboratory 
tests. '^Compressive strength tests (7 day) on test cylinders fabricated in laboratory 
by methods similar to attachment No. 1 m Footnote 223. '*̂ 850 psi compressive 
strength at 7 days, '**6 in. (occasionally 5 m. thickness used where subgrade condi
tions are unusually good). One short trial section of 8 m. thickness. '**rotal cover 
depth over subgrade is modified by reducing base thickness in the ratio of 1 in. CTB = 
1.5 to 1.75 in. of untreated base (within total cover depth of 15-30 in. resp.). See at-
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tachment No. 3 in Footnote 223. "^Future construction will be limited to stationary 
plant methods except for unusual construction conditions. '*'Road Mix: Seaman 
Mixers; Central Plant Mix; Barber-Greene, Pioneer and Cedar Rapids. *®Jackson 
and Lima vibratory compactors, steel-wheel tandems and 3-leggers, rubber-tired 
rollers. *® "Tight blade" and compaction with steel-wheel rollers. Sealed with SS-1 
emulsion. (See Footnote 850). '"Disc, plows and harrows (1938) Barber-Greene 
Travel Plant in 1947, °̂ ^Blade finished, sealed with MC-2. Note: Early experimental 
jobs only—no treatment of such soils since 1947. °*Road mix—no; central plant—yes. 

Formerly by visual inspection and specification. Now, by electrical conductivity 
method of determining cement content. °^As high as possible and still allow compac
tion. *̂ *95% of standard, determined by "Maximum Density of Coarse Granular Mate
rial." (See Footnote 223). **Moisture—alcohol burning method; density—by Washing
ton densometer. *"TWO 3-in. lifts (apparently successful). '^Maintain moisture con
tent; do not attempt compaction on yielding subgrade; avoid excessive final "trimming" 
or recompacting trimmed material. '®$1.30 (4.5% cement-mixed in central plant). 
***TO accommodate localized traffic and access to driveways, road crossings, etc. where 
necessary. ^^Generally % in. or Vt in. minus cover stone—22 Wsa yd. "^Minimum 
of 3 in. asphalt concrete in 2 lifts (paving grade asphalt 85-100). "^Min of 3 in. as
phalt concrete or plant mix. "^^Expenence confined generally to one soil type. ®°*Trans-
verse, longitudinal ladder and alligator. *"Note: Transverse appear soon after con
struction—1-2 months. Longitudinal and ladder generally appear following a prolonged 
period of cold weather. "''Experience confined to one soil type. °*°Transverse. no. 
Longitudinal, ladder and alligator, yes. °^Not in cement-treated material. " Some 
possible evidence that it does. " \ l ) Timely sealing of all reflection cracks. (2) Pro
vision of positive drainage through shoulders where needed. '"$60.37. Based on 30.17 
mi of 2-lane roadway over a 5-yr period (1953-1958). Average age of pavements in 1958 
= 6 yr. Includes sections with extremely heavy logging traffic. ^"Continued evaluation 
of electrical conductivity method of determining cement content. *"(1) Construction 
methods and/or equipment which will eliminate need for final trimming. (2) Investiga
tion of inter-relationship of molding water content, density and compressive strength. 
(See Footnote 223). '''Southern, southwestern, central and western. '"High acid 
sands—pH 4 or less. ''"Eliminate their use as much as possible, ''^tabilometer, co-
hesiometer, unconfined compression, freeze-thaw durability. '"At least 300 psi com
pressive strength at the end of 7-day cure. ''"PCA guide, percent by weight of mate
rial between No. 10 and 100 sieve. "^Cohesiometer and stabilometer. '^Soil-cement 
or cement stabilized base is considered to have a gravel equivalent of 1.6 (6 in. of soil-
cement = 9.6 in. gravel). '"(1) Pettibone-Wood Preparizer (for pulverizing soil), (2) 
Adjustable cement spreaders, (3) Water trucks, (4) Seaman Mixers. ''*3-wheel, 10-
ton roller. "*(!) Greater (for shaping), (2) Drag broom (for removing loose aggregate). 
'"By maintaining even spread from spreader box and maintaining even depth of mix. 
"''Field density and moisture tests (densometer). '"Compaction accomplished as quick
ly as possible after completion of mixing. '"(1) Proper gradation of particles (keep 
aggregate under 2 in. and enough fines for mortar). (2) Proper moisture content, com
paction and curing. '^Penetration seal 25 Ib/sq yd on some and 1 in. hot-laid asphaltic 
concrete on some. "*01d bases—honey combed, new bases—hair line. ""New—12-24 
hr, old—1-2 yr. '^Cohesive soils, honey comb more. '^Permits surface water to 
penetrate subgrade. "^Performance studies on existing soil-cement bases relating 
performance to subgrade, gradation, percent cementand wearing courses. "'Slow hard
ening of soil-cement mixture. "''Tests indicate that CaCla in amounts up to %% by 
weight of aggregate may counteract effects of high organic content. "'Freezing and 
thawing—(ASTM D 560), wetting and drying—(ASTM D 559) unconfined compression. 
'"Those suggested by PCA in their Soil-Cement Laboratory Handbook. '°°Soil-cement 
considered for base course only. About 10% cement would be considered max to be 
competitive. °°̂ On early projects—discs, harrows, blades. On more recent work-
pulverizer-mixer type machine. ""^Cat-tractor, pneumatic and steel-wheel roller. 

Proctor compaction and sand-cone density tests. **'*Uniform dispersion of cement 
in soil-aggregate moisture control, compaction, curing. '°^Apr-Oct (Inclusive) re
quire 40 F + temperature. *"Not standardized. On past experimental pavements used 
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2-in. hot-mix (120-150 pen.) and 3-in. road-mix (SC-3) mats. ""'Closely-spaced (4-10 
ft interval) transverse cracks. """Not detrimental on projects to date. However, 
create problem of sealing narrow openings, and are unsightly. """Base treatment ex
tends across roadway, thereby forming the shoulders. " There have been city pro
jects and airport work in Wyoming but another agency would have to be contacted. 
'"Had occasion to use no other methods other than physical. ""Unless high sulfate 
condition exists. ""First method used was the standard durability test. After exper
ience had been obtained laboratory strength tests are now used. ""First method—stand
ard wet-dry, freeze-thaw durability test. Loss of weight from brushing determined 
cement requirements as specified in standard methods for soil type. Now the strength 
criteria is used and set at 300 psi (gravels and sands only). "̂ "6 in. is used as a stand
ard and subbase soils are varied. ""Modified CBR and Hveem Stabilometer. " '̂inter
state construction—no. Primary roads have had the sections reduced in 3 cases using 
soil-cement construction due to the better bearing value and slab action. ""Woods 
Machine (travel plant), Barber-Greene, Cedar Rapids and Boardman Plants. ""Sheeps-
foot, steel pneumatic, D-6 Cat and vibratory steel rollers. "*"NO soils considered very 
cohesive in construction as yet. ""Need: (1) More accurate cement metering device on 
plants and (2) A fast method of field check for cement content. "^Visual, calculations 
and cylinders made in the field to check strength. "^Squeeze test, visual, compaction 
tests and density tests. ""*(!) Keeping proper moisture content. (2) Curing. (3) Keep
ing finishing operations in order with hardening time. """Approximately 0.66/sq yd 
with 4% by weight cement (without haul). ""Where traffic immediately uses road 40 lb/ 
sq yd % and Va max chips with MC-3 at 3.2 Ib/sq yd (Inv. pen.). ""'Where necessary 
open it as soon as cover material is placed. """Curing seal should be 
maintained at all times. """With the exception of northeast Wyoming the soil-cement 
projects have been constructed within the last 3 years and have required no mainte
nance. Northeast Wyoming would be an erroneous cost since we do not attribute the 
failures to the soil-cement, """it has been noted that delayed mat placement minimizes 
crack formation; however, it does not eliminate it entirely. "*̂ In the northeast area, 
any road failure was not attributed to the CTB, but to subbase failure. We assume that 
in 7 years maintenance has been negligible. Detailed statistical information is not 
available to this Association (PCA). The total yardage of soil-cement in Australia is 
approaching 6,000,000 sq yd. Note: Additional questionnaires were sent to the PCA 
to be sent out to all agencies in Australia who have carried out soil-cement work. The 
Australia PCA has completed those j^rts of the questionnaire on which they have some 
useful information and e^erience. Typical sulfate attack—swelling and disintegra
tion of test cylinders. "" Avoid use of soils containing sulfates or organic acids. CaCla 
has been tried but not always with success. """pH test sometimes done to check failure 
of test cylinders. """Experience only with normal portland cement. ""'Under normal 
circumstances a compressive strength test only is used. Cylinders are moulded in 
standard Proctor moulds at standard AASHO compaction. Thw are extracted from 
the moulds, cured 7 days, soaked 4 hours and then crushed. For hardened soil-ce
ment an unconfined compressive strength of 250 psi is specified. For cement modified 
soils the reduction in plasticity is measured and this should be less than 6 in a typical 
case. """When PRA classification is known reference is made to PCA "Soil-Cement 
Laboratory Handbook," otherwise purely trial and error. "^"There is a marked ten
dency to the use of cement-modified soil with cement factors of less than 4"/o . "*̂ Gen-
erally 6 in. but sometimes 5 in. for roads. In airfields up to 12 in. "^Based on flex
ible pavement design—different methods are used in each state but most are based on 
CBR curves. N.S.W. has unique system but leads to similar results. "^Assumed that 
6 in. soil-cement with unconfined compressive strength of 250 psi at 7 days (4 hr soak) 
equals 8 in. flexible pavement determined by design methods mentioned in Footnote 
942. "*^eaman Pulvimixer, P and H Single Pass Stabilizer, "Rotomobile" (Australian 
designed machine). "*"Pneumatic-tired rollers, vibratory rollers. "*"Smooth-wheeled 
rollers, powergraders. "*'P and H single pass stabilizer, "RotomobUe," pulvimixer. 
"*Sheepsfoot rollers (not commonly), pneumatic-tiredand smooth-wheeled rollers. "^Pneu
matic -tired smooth-wheeled rollers and power graders. """Not entirely—difficulties occur 
in pulverizing heavy clay soil with the new "Rotomobile," a high-speed rotor coupled 
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to a 100 horsepower motor appears to improve pulverization of all types of soU. *'̂ So 
that at least 8̂ % will pass */ie in. sieve. '^Sampling material as mixed at various 
depths and locations and testing for unconfined compressive strength. '®In situ density 
test using sand displacement, then drying and weighing. '^Absolute minimum but 
usually up to half an hour. ' Proper mixing and thorough compaction—sometimes dif
ficult because of poorly compacted subgrades. '"All year round except in Tasmania-
construction restricted in winter. '"6-in. compacted soil-cement includes cost of ce
ment, between $0.40 and $0.90. Average $0.55/sq yd. '^Quarry dust or sand. 
'®Where available petroleum tar sometimes used; unsatisfactory results experienced 
with light coal tars. '*'ln hot arid areas of south Australia curing is a problem—nec
essary to apply curing medium as soon as possible after compaction—the same day or 
next morning. '*̂ 2 in. dense graded bituminous macadam. Single flush seal 80-100 
pen. asphalt 0.30 gal/sqyd, % in. aggregate at 1 cu yd to 75 sq yd. ' " l in. premixed 
bituminous macadam. 'Var ie s but normally rectangular, "^oils of low shrinkage 
limit appear to crack more than granular soUs—they have cracked prior to mixing with 
cement. "'Many engineers will not accept soil-cement because of this cracking. "^By 
reducing the cement factor. '"Probably, but no definite information—cracks have been 
reflected irrespective of delay in sealing. '"Bituminous resealing. Very little main
tenance has been required otherwise. ' CB'r and BB'w (Thornthwaite classification). 
*^ l̂ow curing and low compressive strength. "^The use of CaCla in laboratory tests 
(not applied till now on the field). ''^Short-cut test procedures for sandy soils, PCA, 
supplemented in some cases by durability test (only wet and dry). '''*20Kg/cm^—280 psi 
for strength (7 days curing) and the criteria of the PCA for durability (wet and dry). 
''"6 in. in aU our jobs till now, except 1 with 8 in. in single lift (20 mi). ''"6 in. when 
CBR of subgrade was ^ 12% (by indication of the PCA of Brazil) (Sao Paulo, Brazil). 
''"Because in the soil-cement we consider the cohesion. "'(A-2-4 and A-4) pulvimixer 
or rotating tiller or PH single-pass (in few jobs). ''"Sheepsfoot on the beginning and 
pneumatic for finishing. Some contractors beginning to use vibratory roUer (smooth 
wheel). ^"Pneumatic roller and smooth-steel roller. "^Compaction equipment must 
be improved. Equipment available m our market is poor. "^(A-2-4 and A-4) accord
ing with the requirements of the method referred in 2f. '"Speedy or fry pan and sand 
method for density, "^e do not know because our soils are texturally similar. "^Good 
finishing and good priming. "'USA $1.25 (free change rate $1.00 equals 200 cruzeiros. 
"''RC-land2, MC-1 and 2, emulsions. *" 1-1, 51/m^ (=0.221 to 0.3315 gal/sq yd). 
'"Sometimes we put sand when the job traffic goes over the priming. '^'Thickness (1 
in. to 1.5 in.) surface treatment or bituminous mix (hot or cold laid). "^Use of addi
tives (CaCk, CaOHa). Minimum compressive strength. "̂ 1 military airfield (subbase), 
3 commercial ai]T)orts, 2 airfields for aircraft manufacturers. "'Fairly widespread 
throughout England but little in Scotland or Wales. In England especially in Warwick
shire, Worcestershire, Kent, Hertfordshire, Dorset, Hampshire, Norfolk, Surrey, 
Yorkshire. "*Upper limit governed by plastic properties of the fine fraction. "*This 
is not performed as a standard test for deciding on suitability of a soil for cement sta
bilization, "'in the case of alkaline soils (pH 7.0) 2.0% organic matter can be taken as 
the limiting value. Certain acidic soils having organic contents below 1.0% can still 
have low strengths. "'Rarely encountered except in clay soils, usually present as 
gypsum. '"Organic matter prevents cement from hydrating and low strengths are ob
tained. Sulfates cause swelling and cracking of soil-cement when it is immersed in 
water. '"No remedy for effect of sulfates. Effect of organic matter can sometimes 
be overcome by addition of CaCU. *°"Determination of pH. Alkaline soils usually 
harden satisfactorily when stabilized with cement. Acidic soils with organic contents 
below 1.0% are also usually satisfactory but there are important exceptions. ^"^Ordi
nary—complying with B.S. 12 for about 95% of the work. Ordinary containing CaCls 
(super rapid hardening) for the remainder. "*^Ordinary except with organic soils when 
super rapid hardening is preferable. Cheapest and most readily available. ^""AS de
scribed in B.S. 1924: 1957 which includes a compressive strength test and a test for 
resistance to freeze-thaw. ^°^he strength requirements for soU-cement bases depend 
on the traffic intensity, the thickness and type of bituminous surfacing and the texture 
of the soil to be stabilized. For many years in the design of lightly trafficked roads a 
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minimum cylinder compressive strength of 250 Ib/sq in. for specimens of soil-cement 
prepared in accordance with B.S. 1924 and cured at 25 C for 7 days has been used to 
decide on the cement content required. However, for heavily-trafficked roads there 
is evidence that higher strengths of the order of 400 Ib/sq in. at 7 days are required 
for the soil-cement base although for use as a subbase the lower strength is still con
sidered adequate. The two durability tests have only recently been developed, and 
therefore our experience of them is limited but resistances to damage by either freez
ing or immersion of at least 80% are considered desirable. "̂**rhe pedologlcal class, 
has been used to determine depth in a soil profile at which soils suitable for stabiliza
tion with cement are likely to be found. ^Extremely variable, minimum thickness 
6 in., maximum thickness 18 in. ^"'"CBR method using curves given in Road Research 
Road Note No. 20 and curves as yet unpublished for motorway and very heavy traffic 
categories. "*®Single pass and multi-pass mix-in-place machines. Pan-type concrete 
mixers or asphalt paddle mixes for stationary plant work. ^'"'Vibrating or rubber-tired 
rollers together with an 8-10 ton smooth-wheeled roller or the dropping weight compac
tor—an integral part on Howard single pass train. ""̂ "Grader used during rolling oper
ations, a light smooth-wheeled roller it dropping weight compactor used. ""^^Mix-in-
place equipment as for cohesionless soils but soils with low clay contents can be mixed 
in paddle-type asphalt mixers and sometimes in pan concrete mixers. For cohesive 
soils with liquid limits above 40% the Howard single pass train is the only machine that 
gives good mixing. ""^Pneumatic-tired and smooth-wheeled rollers or the dropping 
weight compactor of the single-pass train. """Not entirely—most mix-in-place machines 
too limited in depth of processing, "^^tationary plant mixes require development for 
dealing with cohesive soils and to give improved output. "̂ 8̂0% of the soil excluding 
stones should pass in. sieve. Visually and by making and testing compressive 
strength cylinders, also by supervising the mixing time (stationary plant work) and 
the number of mixing passes (multi-pass work) or the forward speed of the single-pass 
train. Cement content is sometimes measured on a large job but not often. Pulver
ization and mixing of cohesive soil are usually undertaken when the soil is at the plastic 
limit or one or two percent below this value. With granular soils the moisture content 
at which pulverization and mixing are undertaken is not particularly critical except to 
note that the soil should not be saturated. When compacting soil-cement mixes the 
moisture content should usually be such that the soil-cement is just saturated when fully 
compacted by the compaction plant available. "*"The dry densi^ is selected either from 
a consideration of existing information on the state of compaction of soils that can be 
obtained with different machines. (Road Research Technical Papers No. 17 and 33) or 
by special field trials in which the available machines are used. The maximum dry 
density given by the B.S. compaction test is used as a rough guide to the value of dry 
density required. ""̂ Speedy tester (calcium carbide method) for fine-grained soils or 
a heating method which is applicable to all soils. **'*°Three 6-in. layers mixed in place. 
Satisfactory. '"'"About 1% hr. It is usually specified as 2 hr from the start of mixing 
at any vertical section to the completion of compaction at this section. It has been 
found to be more critical to observe this time limit with the cohesive soils than with 
the granular soils. Adequate sampling and testing prior to construction—then inti
mate mixing and most important good construction. March-October, although some 
years may be extended throughout the year. ""Varying amounts, not more than 3 times 
a day. bituminous emulsion, cut-back bitumen, hot bitumen, hot tar. '"''Some au
thorities apply a small amount of water, if spraying with emulsions. '""'K construction 
or other traffic is to use the base the bitumen is often blinded with sand, \ in. or % in. 
single-size stone. In ma^ instances two such treatments are given prior to allowing 
traffic to use the base. UsuaUy 3-7 days but on occasion the day after laying. 
""^This section can only be answered gene'rally because a wide variety of surfacing 
materials has been used. On primary and secondary and urban roads the surfacing 
varies from 2-4 in. usually consisting of a base course coated macadam iVa in. - i^k 
in. thick and then a dense wearing course such as rolled asphalt. On housing estate 
roads surface dressings have been used for the first few years, then followed by pre-
mixed bituminous surfacing. On one commercial airport a I k m. rolled asphalt has 
been used as the wearing course, with no base course. However, 4 in. of surfacing 
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is more usual. ^""'Yes, to some extent. For example on stabilized cohesive soils a 
simple surface dressing is not sufficient whereas' such a dressing is quite sufficient 
on stabilized gravel or sand soils provided the traffic is not too heavy, ^"^uitable 
for factory floors, playgrounds, footpaths and tennis courts. "^On cohesive soils 
transverse and longitudinal cracks have developed at about 6 in. to 6 ft intervals prob
ably due to shrinkage in drying as a result of an inadequate curing coat. On granular 
soils the cracks are farther apart. ^""Avoiding excessively high strengths and insur
ing good curing methods. ^"^Reflection cracks have not often occurred with the low 
strengths aimed at in this country. ""By Cement and Concrete Association: (1) In
vestigation of durability of soil-cement and methods of assessing durability by labor
atory tests. (2) Measurement of mechanical and elastic properties of soil-cement 
covering a range of soils. (3) Simplification of testing methods and procedures. 
""About 6.2 mi subcoat of heavy bituminous during the war. '̂'"37.5 mi sublayer of 
highway in concrete. ^""Rural roads—279 mi, approximate length. '"'̂ No gradation 
limits are imposed. ^"^All types—cinder cement and fly ash cement and mixtures of 
Portland cement and fly ash. All types of cement have been satisfactory. Mixtures 
(rfportland cement and fly ash have been economical close to steam generating plants. 
* We have until now used in France the English standards for soil-cement. Com
pressive strength at 7 days of between 12.5 and 25 Kg/cm" and also as close as possi
ble to 17.5 Kg/cm"; after freeze-thaw cycles the strength should not be less than 70% 
of specimens of the same age not submitted to freeze-thaw cycle. ^°*'This is extremely 
variable depending on the region. Except in the northern region France is abundantly 
supplied with stone quarries and gravel beds. In the north, fine sand is stabilized with 
cement (6-10% cement); otherwise gravel is stabilized slightly flexible (about 3% ce
ment). ****rhe most economical mixtures are Vi to Va Portland cement to % to % fly 
ash to the soil to be stabilized. "^10 cm in sublayers under concrete pavements, 15 
cm on other roads. ^'^The 15 cm thickness is the max possible for the actual mixing 
machines on the market. "*'lt is granted that soil-cement layers are better by Va; 
thus a 15 cm layer is equivalent to 20 cm in figuring thickness of the roadway. The 
rtgidity of soil-cement accounts for this. "^Rational design methods are used. 

Pulvimixer, Howard train. Wood machine. "^'Generally pneumatic compactors 
for fine soils and vibrating compactors, then pneumatic compactors on gravel^ soils. 
""The improvement of the machines themselves appears to be necessary. " Many 
jobs have been followed up, with experimental tests, by a special crew from the Cen
tral Laboratory of Bridges and Roads. Special methods of control were devised and 
perfected. " About the optimum percentage of water of the modified Proctor test. 
""95% of the max of modified Proctor for fine soils. "'̂ Membrane densitymeters, 
nucleodensimeters, etc. "*At least 50 cm for vibrated gravelly soils; at most 15 
cm for fine soils. "^30 cm—bad bonding between layers. "^Numerous precautions 
(see French technical literature on this subject, especially Cycled Etudes, Dec. 1959). 
"®At all times of the year except in freezing weather. "*'$0.50 to $0.75/sq yd for 
gravel. $1.00 to $1. 50/sq yd for fine sand. "'^Connecting layers with tar or cut-back. 

Sometimes sand or fine gravel but generally nothing. " As soon as the soil-cement 
is hard enough to support the passage of construction equipment. "'*(1) The soil-ce
ment is covered with a semi-thick layer (5-10 cm) of dense material. (2) Coat of ord
inary fine gravel, either a single layer but preferably a double layer, ^^ee French 
technical literature on this subject. ""Until now soil-cement has been used only in a 
minor way and too recent to be able to derive any valuable experience. ""Notably 
shrinkage cracks in the gravels treated with cement. ^°*'From a few hours to a few 
days. Transverse cracks regularly spaced about 10 meters apart. '""'These cracks 
are transmitted to the surface layer which then is no longer impervious. *°™These 
cracks vanished by reducing the amount of cement below 3% or by using mixtures of 
cement and fly ash. "'^Reinforcement of the hydrocarbon layer of the surface, "'"im-
portant research is in progress to determine the optimum amount of cement, also on 
experimental jobs to improve machines and methods. "'^During World War n only. 
More than 150 airports unsurfaced. "'^Retardation of cement hydration (see question 
2c(l)). "'^aOH-test for detection of organic matter. ""Z275, Z375 (equivalent to 
ASTM Type I) slag cement also used, "''Compressive strength crystallization test us-
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ing NaaCQs freeze-thaw test (ASTM). ""1135 psi-28 day strength is sometimes used 
for subbase on the Autobahn 7, 10 respectively, 14"/o weight-loss. "'"PCA short-cut 
procedure to a limited extent. "̂""6-8 in. (see Question lb(l)); 5-6 in. (see Question 
lb(4)). ^""V6gle, Linhoff, Seaman, Harnischfeger, Skoda, Ringhoffer, Howard. 
'"""Sandy soils—0-2% below optimum cohesive soils—0-2% above optimum. '"""C-M-
Gerat (similar speedy moisture tester), air-pyknometer. '""^andy soils 4 hr, cohe
sive soUs 3 hr, "'*(!) Organic matter. (2) Stability of subsoil. (3) Thickness of con
struction. (4) Compaction. (5) Water content. (6) Shape and grade of surface. '"""Cur
ing is on^ done if warm weather prevails. '""'Autobahn: 9-in. concrete or 9-in. as
phalt. A-in. asphalt concrete, on forest roads granular stabilized soil (1-2 in.). 

"Only in granular soil observed. '"""K possible construction not during very hot time, 
thicker surface. '""'Maintenance of surface seal of cracks. '"""(1) Influence of water 
content, compaction and cement content to durability and compressive strength of soil-
cement. (2) Influence of prolonged mixing. (3) Frost resistance of soil-cement made 
of cohesive soil, which is modified with lime, before mixing with cement. (4) Investi
gations on additives to soil-cement. (5) Competitive tests using different types of ce
ment, including Pectacrete cement (hydrophobic). (6) Field research on soil-cement 
roads using clay soils and very low cement content (5-8"/o by weight). (7) Field research 
on modification of soils with lime prior to stabilization with cement. '"""(1) Cause and 
prevention of cracks. (2) Thickness design of soil-cement roads using soils having 
granular skeleton, cohesive soils and dune sands. (3) Influence of drainage to durabil
ity of soil-cement roads. '""*About 540,000 sq yd—under concrete pavements (national 
roads) and as shoulders. Shoulders sprayed with bitumen emulsion and gritted with 
chippings. '"""About 1,000,000 sq yd-so-called agricultural roads. '""̂ About 85,000 
sq yd, including "Typical Dutch" cycle tracks. '""̂ The Dutch climate is a so-called 
temperate maritime climate (temperated by the Gulf-stream). '"""The soils used in the 
Dutch soil-cement jobs range from very fine dune sand to well-graded gravel-sand-clay 
mixtures (old gravel roads), inclusive river sand and gravelous sand. '"""Dutch sieves 
generally used, and percent passing, are as follows: 

U.S. Sieve Dutch Sieve % Passing 
2-in. - 100 

I'/a-in. - 100 
' /4-in. 23 mm 100 
"/s-in. 11.2 mm 84-100 

No. 4 (4.76 mm) 5.6 mm 70-100 
No. 10 (2.00 mm) 2.8 mm 56-100 
No. 20 (4.00 mm) 1.4 mm 40-100 
No. 40 (0.42 mm) 0.60 mm 30-95 
No. 100 (0.149 mm) 0.150 mm 6-40 
No. 200 (0.074 mm) 0.075 mm 1-5 
"""Generally not done. ""'Since only sands (cohesionless soils) have been used, Atter-
berg limits not determined. """The Dutch procedure for preparing soil-cement is as 
follows: If a so-called suitability test (with 10"/o cement by weight) or an examination 
of the color of the sand (by an experienced road engineer) shows that harmful reactions 
of chemical constituents or possible, the soil in situ (or in the sandpit) is not to be 
used but another more suitable sand will be sought, usually in sandpits, at a larger 
depth. Therefore it is not a general rule to determine the presence of chemical con
stituents or their chemical and physical properties. The only strength-reducing con
stituent in the Dutch sands seems to be organic matter. Although we get round "the 
problem of organic matter" by taking another more suitable sand, sometimes the or
ganic soils have been rendered more suitable by the admixture of about 0.25"/o CaCla 
(by weight of the dry soil), but mostly it proved to be better to take another soil free of 
organic matter. As much of all the sands used in Dutch soil-cement jobs have been 
imported from sandpits and because the amount of organic materials is decreasing with 
increasing depth of the sandpit, the extra charges are not so much. Nevertheless we 
are trying to determine the nature of the harmful effects of organic matter in order to 
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develop simple and cheap methods of counter-attack, which wiU be important for the 
cement-stabilizations of Dutch soils in situ. One successful method seems to be the 
application of portland cement (especially high early strength portland cement) instead 
of slightly cheaper blast furnace slag portland cement, which has been used up to now 
in aU the Dutch soil-cement jobs. The higher CaO content of the portland cement seems 
to have a similar (or a better) effect as the admixture of calcium chloride. Another 
successful method may be the preparation of the organic soil by mixing it with a cement-
and-water slurry about one day before the actual stabilization. The extra addition of 
calcium ions seems to have a similar (or a better) effect as calcium chloride, but will 
be cheaper. Both methods are under investigation, in the laboratory and in the field, 
""in much of all soil-cement jobs: ordinary blast furnace slag portland cement (con
tent of blast furnace slag about 35%; compressive strength after 28 days, cubes, side 
7.07 cm, mix 1:3, conform to the specifications in the Dutch Standard N484: about 
7,800 psi = 550 Kg/cm''). "'^Laboratory strength after 7 days: 354-429 psi (25-30 Kg/ 
cm*); the cylinders are made in a so-called Proctor mould and compacted conform to 
the British Standard Compaction (or Proctor) Test B.S. 1377:1948. It has been deter
mined that a compressive strength of 300 psi (21 Kg/cm*) obtained with such cylinders 
is in accordance with the minimum compressive strength of 250p8i(17.5 Kg/cm") obtained 
with the normal cylinders (ratio height/diameter = 2), used in the British soil-cement 
practice. In order to avoid the formation of harmful cracking and especially to prevent 
the so-called "blow ups" (due to high temperatures) the upper limit of the compressive 
strength has been fixed at about 430 psi (30 Kg/cm ). "'%oil classification systems 
are not used, mainly because we have stabilized exclusive sands (and sometimes gravel-
sand-clay mixtures as in old gravel roads). However, an experienced road engineer 
may be able to use the color of the sand as a criterion for its suitability for stabiliza-. 
tion with cement. The appearance (color, granulation a. s. o.) of the sand gives an in
dication of its suitability, and in a certain sense this procedure is a simple sort of soU 
classification. ^̂ ""Maximum cement content 15% (by weight of the dry soil). ""''None, 
except those in preceding answers. ""6 in. (15cm) thick subbase under 8 in. (20 cm) 
thick concrete pavements; two 6 in. (15 cm) thick layers, with 2 in. (5 cm) thick sand 
between them, as a 14 in. (35 cm) thick shoulder (sprayed with bitumen emulsion and 
gritted with chippings) along the concrete pavements mentioned above; mostly 6 in. 
(15 cm) thick bases in so-called agricultural roads (sometimes thicknesses of 5 in. 
(12.5 cm) and 7 in. (17.5 cm); 6 in. (15 cm) and 8 in. (20 cm) thick bases in urban 
roads; 4 in. (10cm) thick soil-cement layers in parking lots, cycle tracks, a.s.o. 
^*"The much applied 6 in. (15 cm) thickness has been based upon British experiences 
and practices and the experience obtained with lean concrete bases in the Netherlands. 
In accordance to the expected traffic loads this thickness is reduced or increased. 
Sometimes the so-called C. B. R. -method (California Bearing Ratio) for the design of 
flexible bases, as published by the British Road Research Laboratory in Road Research 
Paper No. 15, has been used, taking into account that soil-cement has some load dis
tributing capacities, which permit a reduction of 15% and more. ^̂ ^̂ The Dutch soil-ce
ment bases have sometimes the same thickness as the traditional granular bases; in 
several cases the first have been constructed thinner than the latter and with success. 
With a soil-cement subbase of 6 in. (15 cm) thickness the concrete pavement could be 
constructed with a thickness of 8 in. (20 cm) instead of 9 in. (23 cm), like the normal 
Dutch concrete pavements on a subbase of compacted sand. In secondary roads the 
thickness of bituminous top layers has been reduced as compared with those in tradi
tional road constructions. A simple method for the design of soil-cement roads and 
the relationship between the load bearing capacities of flexible bases and those of soil-
cement bases are problems, which are under investigation now. *'"Mix-in-place (main
ly single-pass) about 84%; stationary plant (pre-mix) about 15%; traveling plant about 
1%. Preparing and compacting with the so-called Howard-Train (Rotary Hoes Limited, 
England) by a single-pass mix-in-place method; finishing (and curing) during the same 
pass by means of a grader, a vibrating beam and a bitumen emulsion spreader, all 
three attached to the mentioned train. In other cases preparing by means of a so-called 
paddle-mixer (pre-mix) a Barber-Greene "Travel Plant," agricultural equipment (rota-
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vator, rotary hoe) and sometimes with the help of rakes; compacting with a single-
wheel vibrating roller (without and with vibration); finishing—after regulation—with 
the same roller; on very stable material (gravel-sand-clay) also a vibrating roller with 
two wheels in use, '^"Except the mentioned gravel-sand-clay mixtures (old gravel 
roads, which have been stabilized by means of stationary plants and by multi-pass mix-
in-place methods) there is no experience with cohesive soils, '̂̂ '̂ Yes, especially with 
the so-called Howard trains, which in The Netherlands have been supplied-according 
to the original ideas of the owner, The Netherlands Land Development and Reclamation 
Society—with a grader in front and with a grading and vibrating beam and a bitumen e-
mulsion spreader behind the train. Note: In much of all the jobs the Howard train 
stabilized sand, which has been imported from sandpits. ''"At first by an examination 
of the color (has to be uniform); secondly, by comparing the compressive strength of 
a soil-cement sample, taken from the mixer (or from the uncompacted stabilized road) 
and compacted conform to the Proctor-test, with the compressive strength of a similar 
soil-cement sample, which has been re-mixed in a laboratory-mixer and then compacted 
conform to the Proctor test. The last compressive strength is considered to have 
uniformity of mixing of 100%. ""Mostly the so-called optimum moisture content (con
form to the Proctor test). '"'At least 95% of the so-called maximum dry density (con
form to the Proctor test or a little bit lower). ""Control of moisture content by means 
of the C. M. -moisture tester (German made; containing calcium carbide). Control of 
density by means of a core cutter (the dry density is calculated after weighing the soil 
and determining the moisture content). If the stabilized soil contains gravel it may be 
necessary to dig a hole, after which the dry density is calculated after weighing the 
dried soil and estimating the volume by means of oil. ""in 1 lift: compacted thick
ness about 7-8 in, (17,5—20 cm) at the most, " ^ e s , the shoulders along the new 
parts of National Road 4A (concrete pavement with soil-cement base) consist of 2 lay
ers cement-stabilized sand, each 6 in. thick with 2 in. sand between them. Up to now 
with good results. '"'The compaction of fine-graded sand (dune sand) needs the use of 
a pneumatic roller, a vibrating beam or a one-wheel vibrating roller; the use of a 
smooth-wheel roller or a two-wheeled vibrating roller leads to the occurrence of "cracks" 
and a not closed surface. The latter two rollers can be used with success for the com
paction of sandy gravel. "^1-5 hr (using the single-pass mix-in-place method by means 
of the Howard Train—the problem of the time interval does not raise). "*At first the 
necessity of a subsoil without settlements or with only uniform settlements. Before 
and after mixing and compaction shaping up and regulating the surface. Note: The two 
Dutch Howard Trains have been supplied at the front with an equipment which insures 
the final grading of the soil, and at the rear with a grading and vibrating beam which 
insures the final grading of the compacted soil-cement. All the year, except the 
days with low temperature (below freezing point) and with heavy rains, "depends on 
thickness and cement content: premix—$0.60-$l. 10/sq yd; traveling mix—$0.50-
$0.90/sqyd; mix-in-place—$0.50-$0.75/sq yd, transport of sand not included. '"'Cur
ing—mostly bituminous material, without wetting the soil-cement before the application. 
' 0.5 Kg/sq meter (about 1 Ib/sq yd). After the aimlication of the emulsion the surface 
is gritted with sand (sometimes with chippings). After 1 week light traffic (with pneu
matic tires) is tolerated (bicycles at an earlier time). "Sometimes the final-type 
wearing surface is applied after the 7-days curing, but mostly it seems to be more pre
ferable to apply at that time only a binder course on surface dressing, while the final-
type wearing surface is applied after a period of about 6 months or more (by preference 
inclusive a winter-time). '*'8-in. thick concrete pavement; 5'/a-in. asphalt for ap
proaches. ""On secondary roads (so-called agricultural roads): (a) Asphalt construc
tion (cold process) 50-60 Kg/sq meter (85-110 Ib/sq yd); aggregate size 1-12 mm. (b) 
Binder course of cold asphalt macadam 18-25 mm size (emulsion process and after %-
1 yr a wearing course and/or a sealing coat). ""On parking lots and cycle tracks—a 
single or double surface dressing of a wearing course. ' " ^ single surface dressing 
(sprayed with bitumen emulsion and gritted with chippings). ' " ^ e thickness of the 
concrete pavement with a soil-cement subbase has been reduced from 9 to 8 in. """in 
our opinion, soil-cement is a satisfactory material for all the mentioned purposes (al
ready constructed in our country or not yet). In The Netherlands the major condition 
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seems to be the presence of a subsoil with a satisfactory bearing capacity (without set
tlement "or with only uniform settlement)." Transverse cracks at distances of 20-40 
ft; sometimes longitudinal cracks. " '̂About 1-2 days after the construction (in our 
opinion they are produced by the shrinkage due to the hydration of the cement). The 
single longitudinal cracks must be caused by insufficient resistance of the not-stabilized 
shoulders or settlements of the subsoil. Note: Remarkably are the so-called "blow
ups", narrow elevations of the soil-cement surface (or of the bituminous wearing sur
face) in transverse direction and at irregular distances. They occurred during seasons 
with high temperatures, in soil-cement with rather high compressive strengths and 
without or with a thin bituminous top layer. Therefore, in the last two years we have 
limited the 7-days compressive strength to about 430 psi (30 Kg/cm*) and in several 
cases "trough-shaped" joints (with at the top a width of 8 in. and at the bottom of 4 in.; 
afterwards filled with a mixture of sand, 2% cement and 10% bitumen emulsion—both 
by weight of the dry soil) have been applied successfully. In our opinion such joints, 
at distances of about 150 ft, are also reducing the number of transverse cracks, which 
are produced by the shrinkage due to the hydration of the cement and by temperature 
influences. Another remarkable phenomenon is the fact that in cement-stabilized old 
gravel (gravel-sand-clay) roads (and to a less extent in cement-stabilized articially 
composed gravel-sand-clay mixtures) practically not one transverse crack nor "blow
ups" have been detected. In our opinion the present amount of clay is reducing the rig
idity of the soil-cement, thus producing a more flexible material and decreasing the 
compressive strength. Since the cement contents in such stabilization jobs are rather 
low (about%%by weight of the dry soil), we are thinking that the material produced in 
this way is bearing a resemblance to the so-called cement-modified soils, also be
cause the mentioned gravel-sand-clay mixtures have already a good natural stability 
under normal conditions, ""**We do not think that the cracking is detrimental to struc
tural integrity, on account that their width is not too large and that water penetration is 
prevented. " Limiting the cement content as far as possible, applying the mentioned 
"trough-shaped" joints and perhaps additioning small amounts of clay, bitumen emul
sion, etc. These methods are under investigation now. ""*'Yes, indeed. Therefore, 
the bituminous wearing surface is, when possible, placed mostly Va-1 yr after the place
ment of the binder course or (sometimes) of a single surface dressing. In this period 
the cracks, due to shrinkage, temperature influences, traffic loads and settlements, 
will occur and their detrimental effects, if any, will be passed when placing the final 
surface. ""*Only "leveling" the mentioned "blow-ups." ""̂ 'Up to now very low, but 
the oldest soil-cement roads in The Netherlands are only 4 yr old. ""̂ 'in our country 
we have a working party on "Lean Concrete and Soil-Cement", belonging to the Dutch 
Foundation for Research in Road Construction (Stichting Studle-Centrum Wegenbouw). 
This working party, started in 1956, is making researches in soil-cement test roads, 
particularly with regard to: thickness (for developing a simple method of design), min
imum and maximum cement content, whether flexible or rigid, the construction 
of joints, a. s. o. The test results will be published in so-called "S. C. W. -Mededelingen" 
(of the mentioned Foundation), In 1960 a new committee on "Soil-Cement Problems" 
has been installed, not as a committee belonging to the Dutch Organization for Concrete 
Research (Commissie voor Uitvoering van Research), but as a subcommittee of our 
working party "Lean Concrete and Soil-Cement," The activities of this committee will 
comprise among other things: "the problem of the organic matter" (the nature of the 
harmful effects and how to counterattack them) and "the question of shrinkage" (due to 
the hydration, temperature influences a.s.o.). We have started with a study of the 
problem "Is it possible to determine the suitability of soils for cement stabilization by 
means of a (revised) system of pedological soil-classification"; we decided to make 
similar tests as have been made by Mr. Sherwood of the Road Research Laboratory in 
England (see Research Note No. RN/3284, "A study of the pedological classification of 
soils in relation to soil-cement stabilization," August 1958). At the same time we 
started the studN̂ of the problem "Is it possible to stabilize some organic soils and in 
what way?" ""*̂ he only soil-cement stabilization that has been carried out to date was 
a section of the runway at Wanganui Airport measuring 1,100 ft long times 150 ft wide 
times 6 in. deep. This was done some years ago and the equipment and methods used 
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were fairly primitive. Nevertheless the pavement has lasted very well and is still giv
ing good service. A much greater interest in soil-cement stabilization has become ' 
evident in recent months. A contract for this class of work has now been let by Tauran-
ga County and it is anticipated that construction will be carried out in the months of 
Feb. and March, 1960. The contract comprises the stabilization of 6 sections of sec
ondary road, each approximately 1 mi long and totaling 54,800 sq yd in all. The soil 
types vary but include a large percentage of pumice. The specification is based on 
standard Australian practice and calls for a compressive strength of 250 Ib/sq in. at 
7 days. At Wanganui Airport it is likely that a further section of the runway will be 
stabilized with cement during 1960. "*Our first and only soil-cement job is located 
at the central part of the island—mountainous region. " (1) Compressive strength 
tests. (2) Wetting and drying tests. "*'(1) Durability equals not more than 14"/o loss, 
(2) Volume change equals not more than 2"/o. (3) Compressive strength equals more 
than 290 psi. "^Short-cut procedures as described on "Short-Cut Soil-Cement Testing 
Procedure for Sandy Soils"—PCA. "*8"/o cement by volume—ll"/o water by weight. 
"""6-in. compacted depth, "A-in. plant mix asphaltic concrete wearing surface. ""'CBR 
Method and Soil-Cement Construction Handbook from PCA. "°It is assumed that 6-in. 
soil-cement is equivalent to 8 in. water-bound macadam. "^Discs, harrows, spike 
tooth harrows, plows. ""*D-6 tractors and 3-wheel rollers. """Grader and tire rol
lers (smooth-wheeled). """Compaction operations are started as soon as mixing oper
ations are through. ""'Adequate distribution of cement, thorough mixing, uniform com
paction. """"A-in. bituminous concrete surface course. """The performance of the job 
after 2'A yr of service has been very satisfactory. """Cracking is indicative of good 
curing—hardened cement-soil. ""'Ceiling of cracks due to settlement of fills. " Now 
in the region of several hundred miles, """A much greater amount of work has been 
done with lime stabilization, particularly in Northern Rhodesia, ""^oil stabilization 
has found its main use on main roads. These may carry up to and in some cases slight
ly more than 2.000 vehicles per day. """A great variation—between 200 in. and 10 in. 
per annum. "*The 3 main climatic groups are: tropical rain forest, tropical savannah, 
and sub-tropical savannah. ""'For lateritic gravels; values for quartzitic gravels, re
spectively, 90-100, 85-100, 75-100, 60-95, 50-85, 45-70, 25-50, 15-45, 10-40, 7-35, 
and 5-10. """Difficult in handling and compacting—low strength when compacted. """By 
avoiding soils contaminated with mica. " Some authorities use CBR tests. ""Normal 
Portland, sometimes Ejo finely ground that it verges on rapid hardening. ""Rapid hard
ening cements not desirable in the tropics as they bring difficulties in compaction, 
""initially unconfined compression tests but now more usually cylinder penetration 
tests-both to British Standard 1924. "'*OriginaUy 250 Ib/sq in. at 7 days on the un
confined compression test. Now generally 100-160% of CBR at 7 days on specimens 
compacted to densities equivalent to those obtained in the field, '""it is becoming ap
parent that cement contents in the region of 4"/o are generally adequate for lateritic and 
quartzitic gravels used in road bases in the tropics. '""Varies with price of cement. 
In Central Africa it is said that l"/o of cement is equivalent in cost to a 4 mi haul. 
""Generally mix-in-place construction with 6 in. of stabilized soil overlying the same 
material unstabilized. Base and subbase gravels imported from nearby borrow pits. 
Thickness of subbase varies according to strength of subgrade. ""General experience 
combined with CBR design. ""All known work mix-in-place except for one recent ex
ample in West Africa. ' Disc harrows, blade graders, are more rarely single pass 
and multi-pass mixers. ""'Generally rubber-tired rollers with flat steel rollers to 
finish. Sheepsfoot roUers are used but are getting deservedly less popular. """Blade 
graders used for trimming surface—smooth rollers. """With the few examples known, 
in situ multipass and/or in one case premix with double paddle mixers. ""Tleed is al-
wavs for simple and robust equipment, """t 2"/o of optimum for compaction plant. 
""^Visual inspection, various methods for moisture content, sand bottle for density. 
""'Varies. General need in hot climates to compact quickly. """Control of moisture 
content and of compaction. """Generally in the dry season, or at the beginning and end 
of the rains. """Varies enormously with price of cement. ""'Emulsion and fluid cut
backs, the latter preferred. """GeneraUy 0.10-0.20 gal of bitumen/sq yd. ""To surface damp condition. ""^Generally sand, if the bituminous application is so heavy that 
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affffregate is needed. ""Curing and priming are frequently combined in one operation. 
" Prime and single- or double-surface dressing. " ^Prime and! single- surface dress
ing. ""Prime and single-course asphalt. ^^"Prime and surface dressing. ""Prime 
and single- or double-course of asphalt. *"^Only influences tvpe of primer and the rate 
of application. ""^Carrying up to 2,000 vehicles per dav. " Where it is the most eco
nomic of alternatives, can find use on all airfields. "" Block or irregular. With over 
5% cement, cracks tend to be large and well spaced. ""^Gravels—fine, not very regu
lar pattern. Sands—regular block pattern. " Not yet long enough experience but we 
are worried about the block cracking with some non-rcohesive sands. "'Careful con
trol over moisture content and curing helps. Keep cement contents as low as practica
ble. ""Routine surface treatments. ""Probably lower than with other methods of 
base construction. ""Much of the soil stabilization in the tropics is with gravels which 
are nearly but not quite adequate as base materials when they are dug. With these 
materials the mam emphasis on present research is in learning more about construc
tional problems and the way these problems affect design. How, {for instance, does 
the weather affect moisture conditions and how do these in turn affect the standards of 
compaction which can be achieved? What standards of control ov|er constructional 
thickness and finished profile can be obtained with different methods of mixing and com
paction? This is one of the fields where research and development are most required. 
A further aim is to pursue the possibilities of stabilizing the mor|e plastic soils which 
occur in the tropics. i 

SOIL-CEMENT ROADS IN lOWA 

County Rt. and City 

1950 Surveys— 
Distressed Areas 

Year Length Width Depth Square Square 
Built (ml) (n) (In.) Yards Yards Percentage 

Wayne 
Cass 
WapeUo 
Muscatine 
Monona 
Fremont 
Johnson-Washington 

Iowa 
Jasper 
Webster 

40 - AUerton, North 
83 - near Marne 
15 - OttumwaN.W. 
22 - near MuscaUne 
37 - Soldier to Turin 

184 - Imogene west 
22 - Lone Tree to Rt. 

117 - Colfax to 64 
County experimental 
County experimental 

218 

1937 1.64 26 4 25,016 4 
1938 2.50 26 5 38,113 6,084 
1940 4.07 24 7 57,476 1,018 
1946 10.89 24 6 153,289 240 
1946 9.05 24 6 126,800 2,025 
1947 6.8 24 6 96,500 254 
1947 6.07 24 6 86.224 300 
Total ITTM Total 583,418 TTSSS" 
1954 12.79 24 7 - -
1957 11.26 22 7 - -
1959 1.00 24 8 
1959 3.00 6 and 8 Soil-cement-llme 

0.02' 
16.00» 

1.8» 
0.16 
1.6* 
0.26 
0.35 

'Road in excellent condition at time of inspection. Some repairs have been made in previous years. 
'Most of this distress is located in a cut area containing excessively wet subgrade and subject to frost action. 
'Concentrated heavy truck traffic using this road-600 trucks and buses/day during 1949. 
*No extensive maintenance required to date. Vertical drains have been placed through the base into the subgrade-water 
seep area 
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PUBLICATIOire DEALING WITH PROPERTIES OR HARDENING 
MECHANISM OF SOIL-CEMENT 

Respondent 
Idaho 

Iowa 

Maryland 

New York 

Tennessee 

Utah 

Washington 

England 

Germany 

The Netherlands 

Publication 
Performance of Cement-Treated Base on Projects ST-3271(504) 
Smiths Ferry South and F-3271(l) Round Valley - Cascade 
Cement Stabilized Soil Experiment F-3112(l) Strawberry - New 
Meadows 
Soil-Cement Stabilization, by John K. Stowe, presented at Mate
rials Clinic, March 1954 

Construction Report, Soil-Cement Base with Asphalt Wearing Sur
face, from a Point 2,280 Ft. North of Benton - Iowa County Line 
(End of Cone Paving) to Marengo, Also 6 Blocks of A/C Resurfac
ing in Marengo 

Jasper County - Summarized Construction Report Flexible Base 
Course and Type B Asphaltic Concrete Surfacing - Road No. 117, 
Project F-772(7), 11.257 Miles, Colfax Northerly to Iowa No. 64 

Reference HRB 1939 "Construction in the Hills of Maryland." 

Copy of Specification for Soil-Cement Construction 

Copy of Special Provision Regarding Section 45, Gravel or Chert -
Cement Base 

Report on Cement Stabilization vs Gravel Base (Not Published 
Material) by D. F . Larsen 
Research - Cement-Treated Granular Base and Soils, A Report of 
April 25, 1958 byD,F. Larsen 

Instructions for Sampling Cement-Treated Material (Revised 4-23-57) 
Reprint from Washington 1957 Standard Specifications, Sec, 31 -
Cement-Treated Base 
Standard Design Chart for Flexible Pavements, Plate K-4 of Design 
Standards 

A Method for Controlling Compaction of Granular Materials, by 
Herbert W, Humphres 
The Effect of Compacted Density on Compressive Strength of Ce
ment-Treated Base, Laboratory Report No, 88, October 1956 
A Discussion of 145 Miles of Cement-Treated Base Constructed 
Between 1950 and 1958 

A Tabulation of Road Bases and Subbases - Objective, Present 
Position and Proposed Future Work and Remarks, (Note: India— 
"The use of Soil-Cement for Road Construction in India," from 
Transport Communications Monthly Review, March 1959. 

In English: Reinhold "Elastic Behavior of Soil-Cement Mixtures," 
HRB Bui, 108, Washington, 1955, Clare and Foulkes: "SoUStabil-
isation in Germany," Engineering, Aug, 27, London, 1954, 

Part A of a literature review of soil-cement concerning its general 
aspects. The Cembureau - organization in MalmS, Sweden has 
proposed an English translation. 



I^HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, i t was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 1 1 , 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-COUNCIL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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