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ABSTRACT 

This research was conducted to investigate the 

possibility of devising and utilizing an accelerated curin~ 

procedure in order to estimate the 7-day and 28-day normal' 

curing (72°F and 100% humidity) compressive strengths of 

soil-cement mixes. Based on information reported in the 

literature on accelerated curing in lime stabilization and 

concrete, the accelerated curing procedure adopted in this 

research was a modified version of the boiling water method 

given by ASTM 684-81. By this procedure compacted soi1-

cement specimens were boiled in distilled water for certain 

periods of time. After a 30-minute cooling period, the spe

cimens were soaked in water for 24 hours and then tested for 

strength. Mechanical as well as physico-chemical tests were 

conducted on acce1erated- and normally cured specimens. 

Mixtures of clay (kaolinite Hydrite 10), sand and 

portland cement (Type 1/11) were utilized in preparing the 

specimens. 

The unconfined compression test results indicated 

that accelerated strength values increased with increasing 

boiling time and with increasing cement content. The 

strength values also increased with decreasing clay content 

down to 30%. Below 30% clay content the strength decreased. 

xiv 



xv 

As for predicting normal curing strengths from 

accelerated curing strengths, two procedures were adopted. 

Procedure A predicted the 7-day and 28-day strengths by 

boiling specimens for 3 hours and 40 minutes and 4 hours and 

20 minutes, respectively. Procedure B predicted the normal

cure strengths using linear regression equations. The pre

dictions by both procedures were found to be satisfactory, 

within + 15% of the normal-cure strengths. 

X-ray diffraction data suggested less hydration had 

occurred in the accelerated-cure specimens than in the 

normal-cure specimens. This probably was due to the shield

ing of cement grains by clay and hydration gels. pH measure

ments showed that specimens cured by both procedures 

exhibited highly alkaline environment. Electron microsraphs 

of selected samples appeared to confirm the existence of 

more unhydrated and/or partially hydrated cement in the 

accelerated-cure samples. 



CHAPTER 1 

INTRODUCTION 

Portland cement is a material that has been widely 

used in civil engineering projects. Because of the wide 

experience in dealing with cement, its availability and its 

relatively low cost, it is the most widely used construction 

material in the world. 

Cement has been successfully used in soil stabiliza

tion to form what is known as soil-cement. Soil-cement can 

be defined as a highly compacted mixture of pulverized soil, 

portland cement and water, and its uses include pavement 

bases for roads, residential streets, airports, protection 

against erosion for embankments, as a lining material for 

seepage control in lagoons and reservoirs, earth dam cores, 

building foundations and frost protection. It is estimated, 

according to the PCA Soil Cement Construction Handbook 

(1979), that more than 1-1/2 billion sq. yd. (1-1/4 billion 

m2) of soil-cement have been built (equivalent to 100,000 

miles (160,000 km) of highways). 

There are generally three types of soil-cement mix

tures. These are: 

1 
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1. Soil-cement. This type is described as any soil

cement mixture that contains sufficient cement to 

meet all strength and durability requirements. It 

contains enough moisture for maximum compaction. 

This type is usually used for construction of base 

courses in roads, bank reinforcement, parking lots, 

foundation layer improvement. etc. 

2. Cement-modified soil. The purpose of cement treat

ment in this case is to improve the physical and 

chemical properties of the soil, for example, when 

it is desired to improve the workability and per

formance of a soil by reducing its plasticity and 

volume change potential. A relatively small quan

tity of portland cement and moisture are added to a 

soil material. Cement modification may be applied 

to improve subgrades, bases and subbases. 

3. Plastic soil-cement. This is a hardened mixture of 

a granular soil and cement that contains, when placed, 

high moisture content to produce a consistency similar 

to that of plastering mortar. Plastic soil-cement 

is used in linings, ditches, irrigation channels and 

as protection against erosion. 

The next paragraphs deal with the major three ele

ments that comprise soil-cement, i.e., cement, soil and water. 
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Portland Cements 

Portland cements belong to the class of hydraulic 

cements which set and harden by reacting chemically with 

water (hydration) to form a hardened mass. To produce port

land cement a mixture of lime, silica alumina and ferric 

oxide is heated to around 2700°F. The alumina and ferric 

oxide form a liquid phase where both lime and silica dissolve 

and react to form tricalcium silicate. The ingredients 

needed to make portland cement are available naturally in 

calcareous (lime-containing) materials and argillaceous 

(clayey) materials. 

The industrial manufacture of portland cement in

volves therefore, blending a mixture of limestone or chalk 

and clay in such proportions to provide the desired amounts 

of lime, silica, alumina and ferric oxide in order to insure 

the formation of an appreciable amount of tricalcium sili

cate, the main cementing ingredient in portland cement. 

The proportioned raw material is ground to facilitate 

burning. Depending on the type of available raw material 

and local working conditions, either a wet process or a dry 

process is used to manufacture portland cement. In the wet 

process, the ground raw material is pumped into the kiln in 

the form of a slurry while a dry process is employed if the 

raw materials cannot easily be slurried and so it is fed, 
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after grinding, to the kiln in a dry condition. The raw 

materials, when heated together at temperatures of from 

Z600°F to 3000°F (1400°C to 1650°C) in the kiln, react 

chemically to produce hard, walnut-sized pellets of a new 

material, cement clinker. This reaction takes place as 

shown below (Brunauer and Copeland, 1964): 

heat -+ 

(limestone) 

(cement) 

The following symbols are used in cement chemistry: 

C CaO, A = A1zo3' S = SiOZ' F = Fe Z03 , N = NazO, H = HZO. 

After burning, the clinker is first cooled and then 

pulverized. At the same time about 3 percent by weight of 

gypsum, a retarder, is added in order to control the rate of 

setting of the hydrating cement. The finished pulverized 

material is portland cement. 

For practical purposes, cement can be considered to 

be made up of four principal compounds which account for more 



than 90% of cement, by weight. These compounds are as 

follows: 

5 

Tricalcium silicate, C3S, is largely responsible for 

initial set and high early strength of hydrated portland 

cement. Hydrated C3S compound attains most of its strength 

in 7 days. In general, the early strength of portland cement 

concrete is higher with increased percentages of C3S. 

Dicalcium silicate (C2S). There are three types of 

dicalcium silicate, designated alpha, beta, and gamma. The 

alpha type is unstable at room temperature and the gamma 

type shows no hardening when hydrated. The beta type is the 

only important dicalcium silicate phase in terms of contri

buting to the hardening of hydrated cement. The beta C2S 

hardens slowly and produces little strength until after 28 

days. The long-term strength of this compound is equivalent 

to that of the C3S. 

Tricalcium aluminate (C 3A) liberates a large amount 

of heat upon hydration. It contributes slightly to the early 

strength and exhibits an instantaneous set when hydrated. 

The gypsum added to cement clinker in the manufacturing pro

cess combines with C3A to control the time of set. Higher 

percentages of C3A result in cements that set faster but 

exhibit decreased resistance to attack from sulphates that 

may be present in soils and waters. 
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Tetracalcium aluminoferrite (C4AF) hydrates rapidly 

and develops low strength. It reduces the clinkering tem

perature and acts as a flux in burning the clinker. 

There are mainly five types of portland cements whose 

properties were being standardized by the American Society 

for Testing and Materials (ASTM) Designation: C150. These 

cement types and their properties are summarized as follows: 

Type I 

Type IA 

Type II 

Type IIA 

Type III 

Type IlIA 

Type IV 

Type V 

Normal, general-purpose. 

Normal, air-entraining. 

Moderate, used when a moderate exposure to 

sulphate attack is expected and a moderate 

heat of hydration is desired. It usually 

generates less heat and at a slower rate 

than Type I. 

Moderate, air-entraining. 

High early strength. It has higher C3S and 

C3A contents and higher degree of pulveri

zation. 

High early strength, air-entraining. 

Low heat of hydration. It has lower C3S 

and C3A contents. 

Sulphate-resisting. The C3A content of this 

cement is the lowest of all portland 

cements. 
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Table 1 shows the potential compound composition and 
~ 

fineness of the different major types of cements. 

Soils 

According to the Soil-Cement Construction Handbook 

(Portland Cement Association, 1979), the soil material in 

soil-cement can be almost any combination of sand, silt, clay 

and gravel or crushed stone since soil-cement obtains its 

stability by the hydration of cement and not by cohesion or 

internal friction of the materials. Granular soils, however, 

require excessive amounts of cement (Kezdi, 1979), that could 

make cement treatment economically unfeasible. The more 

clayey the soil, on the other hand, the higher the cement 

content required to harden it adequately. 

According to the Bureau of Public Roads (Sultan, 

1978) soils with plasticity index ~ 20 and percentage pas

sing #200 not exceeding 35%, are best suited for cement 

treatment. 

Soil properties to be considered in case of cement 

treatment are (Sultan, 1978): 

1. Hydrogen ion concentration (pH). For soils on 

alkaline side, i.e., pH > 7, cement treatment results 

in higher strength. 

2. Sulphate content (S03)' Unfavorable condition if 

S03 content is high. 
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Table 1. The potential compound compo-
sition and fineness of the 
different major types of cements. 

Compound Composition, 
Type of Percentage* Wagner 
Portland fineness, 

Cement C3S C2S C3A C4AF m2jg 

Type I 55 19 10 7 0.18 

Type II 51 24 6 11 0.18 

Type III 56 19 10 7 0.26 

Type IV 28 49 4 12 0.19 

Type V 38 43 4 9 0.19 

White 33 46 15 2 

* The potential compound composition calcu-
lated by ASTM Designation: C150. 

(Source: Portland Cement Association, 1980) 
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3. Organic content. Unfavorable condition in which 

case calcium hydroxide or calcium chloride is added 

to improve the reactivity in the soil by satisfying 

the affinity of organic material to calcium. 

4. Clay minerals involved. When a clayey soil contains 

montmorillonite as the principal clay mineral, it has 

a great potential for swelling. In this case, a 

small percentage of lime is added to the soil to 

reduce the soil's plasticity and make it more work

able. Then cement is added. 

Water 

The third component of soil-cement is water. Usually 

sweet, drinking water is suitable for cement stabilization. 

Salt water was utilized in soil-cement mixing at a project in 

Texas (Dinchak, 1981), where laboratory tests indicated that 

salt water produced no apparent harmful effects in the soil

cement mixture and even increased the seven and twenty-eight 

days compressive strengths. 

Factors Affecting Soil-Cement 

The properties of soil-cement mixes can be affected 

by a number of factors which make it practically impossible 

to pinpoint the exact properties of a certain combination of 

components except by experimental procedures. In this 
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section, a brief review of the general properties exhibited 

by cement-treated soils is presented. 

The factors affecting soil-cement can be summarized 

as follows: 

1. The type and amount of soil, cement and water. 

2. Degree of mixing. Compaction conditions (density 

and water content) and time lag between mixing and 

compaction. 

3. Curing conditions (temperature, humidity and time). 

The above factors determine the characteristics and 

performance of soil-cement. This is explained as follows. 

Before mixing, the soil is pulverized first, then 

it is mixed with the cement in dry condition. A mix having 

a uniform color is considered as a sign of good mixing. In 

Great Britain the efficiency of mixing is measured by the 

following equation (Kezdi, 1979): 

where 

Cf 7-day in situ compressive strength of soil

cement compacted by the available machinery 

after conforming to the construction require-

ments 

C 7-day compressive strength of the same soil-
v 

cement remixed and compacted in the laboratory 
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Under average conditions, Ef = 60% for clayey soils and it 

is higher for granular soils. A poorly mixed soil-cement 

results in lower strength. A prolonged wet-mixing time usu

ally results in reduced strength and lower durability. 

As for the effect of cement addition on compaction 

characteristics of the untreated soil, there is usually 

little variation in the maximum density and optimum water 

content. The direction of change, however, appears 

to depend on the soil type. Felt (1955), Davidson 

et a1. (1962) and Lightsey, Arman and Ca11itan (1970) re-

ported that maximum strengths of soil-cement mixes do not 

necessarily correspond to their maximum densities and 

optimum water contents. For sandy soils, moisture contents 

for maximum strength are generally on the dry side of 

optimum, and on the wet side of optimum for clayey soils. 

Time lag between mixing and compaction was found to 

be detrimental to strength (Marshal, 195q.), but it was also 

claimed that by compacting the mix to the level of the orig

inal density, the time lag effect could be eliminated. 

Compacted and finished soil-cement contains sufficient 

moisture for completion of the hydration-hardening process. For 

this purpose, a moisture-retaining cover is placed over the 

soil-cement soon after completion to retain this moisture 

and permit the cement to continue its hydration process. 



12 

As for the temperature during curing, the soil

cement must not be spread when the sub grade is frozen or 

when the air temperature is less than 40°F in the shade 

(PCA, 1977). According to the Transportation and Road 

Research Laboratory (Sultan, 1978), at a temperature of 25°C 

the 7-day strength values increase about 2-2.5% for every 

1°C increase in temperature. 

Research on soil-cement has shown that the mix has 

the following properties. 

1. Strength. Cement-treated soil is recognized to be 

several times stronger than untreated soil. This 

strength is, however, a function of the factors 

discussed above. El-Rawi, Haliburton and Janes 

(1967) have shown that the method of compaction 

affects the amount of strength gained because of 

cement treatment and this effect differs, depending 

on the type of soil being treated. In the review 

of literature presented in the next chapter, a more 

comprehensive discussion of the mechanism by which 

soil-cement develops its strength is given. 

2. Plasticity and volume change. Cement treatment of 

plastic clays results in reduction of their plas

ticity indices and this reduction is attributed to 

a significant increase in the plastic limit while 
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the liquid limit stays about the same or decreases 

slightly. The shrinkage limit also increases due 

to cement treatment and this effect, coupled with 

the reduction in plasticity index, results in less 

shrinkage and swelling in the mix. 

Cracks develop in all forms of soil-cement. 

The nature and spacings of these cracks are, how

ever, dependent on the soil type. Clayey soils 

display smaller and more frequently spaced cracks 

(about 2-10' spacing) than sandy soils (about 10-20' 

spacing). Several methods have been suggested to 

minimize cracking such as using lower cement con

tents, fabric reinforcement or using expansive 

cement (Lilley and Williams, 1973). 

Another source of volume change is temperature 

variation. Coefficients of thermal expansion in

crease as cement content and density increase 

(Kezdi, 1979). 

3. Permeability. The coefficient of permeability of a 

soil decreases by several orders of magnitude upon 

treatment with cement. 

Research Objective and Approach 

The conventional method to evaluate the compressive 

strength of soil-cement mixes, according to the Soil-Cement 
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Laboratory Handbook (PCA, 1971), requires preparing speci

mens 4 in. in diameter and 4.6 in. high, or 2 in. in diam

eter and 2 in. high, and storing them to cure at room 

temperature in an atmosphere of approximately 100% humidity 

for periods of time of 7 and 28 days. At the end of the 

curing period, the specimens are broken in compression after 

being soaked in water. The soaking period depends on the 

size of the specimen. The 4 in. diameter specimen is soaked 

in water for 4 hours while the 2 in. diameter specimen is 

soaked in water for 1 hour only. 

With the rising popularity of soil-cement as a 

construction material, its use has increased significantly 

in recent years. This rise in popularity of soil-cement 

has been accompanied by several problems, one of which is 

related to quality control of the mixes. In construction 

of large projects, such as darns or roads, where large 

quantities of soil-cement are to be placed, there is always 

the risk that the mix does not satisfy the strength require

ments. Combined with this, there exists a need to get proj

ects completed as soon as possible to avoid any delays that 

could result in large economic losses. If the strength 

requirements are not met, the contractor will be required, 

in most cases, to remove the defective mixtures and replace 

them with acceptable ones. Since engineers usually use the 
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7-day strength and/or the 28-day strength as a criteria for 

acceptance, this means that a contractor must wait 7 days 

or 28 days before he can know whether a mixture that has 

already been placed is defective or not. So, he faces a 

dilemma of either having to remove the material when there 

is the slightest doubt of defectiveness or waiting for the 

7-day or the 28-day compression test results, with all the 

economic consequences. Furthermore, tearing up unsatisfac-

tory material after 28 days or even 7 days, after some 

strength has developed in the material, is more difficult, 

and probably costs more than tearing it up 1 or 2 days after 

placement. A method to determine the adequacy of soil-

cement mixes much sooner is thus needed. This need has long 

been recognized in the concrete industry. Attempts to 

devise such a method started in the United States as early 

as 1925 and they are still going on to the present day. 

It should be pointed out that the 28-day strength is not 

a measure of strength of concrete but rather a measure of 

the potential strength of concrete. Francis (1976), in a 

paper discussing accelerated strength testing, wrote the 

following regarding the 28-day strength test: 

The reason for the 28-day is lost in antiquity, but 
was presumably chosen as being the point in time 
when, for all intents and purposes, the concrete 
could be claimed to have developed its maximum 
potential strength when maintained in ideal stan
dard conditions of temperature and humidity. It 



may also be correct to say that in the more lei
surely days of our forebearers this prolonged 
period of time was of no real consequence. How
ever, in the age of space exploration, of Concorde, 
of slipform concreting, and of the paving train, 
the 28-day test is outdated. 
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After a great deal of work in the area of acceler

ated strength testing for portland cement concrete, ASTM 

standardized three types of accelerated testing procedures, 

ASTM Designation C684-8l: 

A. Warm water method 

B. Boiling water method 

C. Autogenous method 

A more detailed discussion on these procedures is 

presented in the following chapter. 

As far as soil-cement is concerned, no attempt to 

develop an accelerated testing procedure has been found in 

the available literature. The objective of this research 

is to investigate the possibility of developing such a 

method, taking advantage of the progress done on acceler-

ated strength testing in other areas such as concrete, 

keeping in mind that if the developed technique is ever to 

be used for practical purposes, the procedure and equipment 

needed should be kept as simple as possible. The method may 

be used either in the design stage or in quality control 

during construction. 



The first step to achieve that objective is to 

choose a testing technique that will insure accelerated 

strength development. It is well known in soil-cement 

technology that the strength is gained from two sources: 

cement hydration (reaction between cement and water) and 

reaction between soil and cement. Chemical reactions are 

involved in both cases; therefore, to accelerate the rate 
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of these reactions the conventional conditions under which 

they take place must be changed. Increasing the temperature 

of the environment of a chemical reaction is one simple and 

easy way to accelerate its rate. 

Since the boiling water method, mentioned earlier, 

appears to be simple enough and does not require expensive 

sophisticated equipment, and since encouraging results have 

been obtained by that method in concrete, it was decided to 

use this procedure, but with some modifications to make it 

suitable for soil-cement, which is much weaker than concrete. 

Furthermore, the boiling water method takes even less time, 

due to the relatively high temperature, than the other 

methods which makes the accelerated strength test a more 

attractive alternative to the conventional test, especially 

when the 7-day strength is concerned. 

This study is divided into two major phases. The 

first phase involves mechanical testing on cement-treated 
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clayey soils. The results from this phase are then used to 

devise prediction procedures of the normal curing strengths 

from the accelerated curing strengths. 

In the second phase, physico-chemical testing was 

conducted on selected specimens (saved from the first 

phase) . 

The physico-chemical testing utilized X-ray diffrac

tion to compare the hydration and soil-cement reaction 

products by both conventional and accelerated testing proce

dures, pH measurements to study the alkalinity of the 

different mixes as cured by the two procedures, and electron 

microscopy on selected specimens, to visually observe the 

changes that took place during curing. 



CHAPTER 2 

REVIEW OF LITERATURE 

Lime Stabilization 

Since lime is a major cement hydration product, a 

background on lime stabilization is necessary to understand 

cement stabilization. 

Lime is known as one of the oldest stabilizing 

agents. There are two major types of lime, quick lime (CaD) 

and hydrated lime, Ca(OH)2' and the latter is the most used 

due to the dangerous nature of the former. For the past 25 

years, extensive research has been conducted to investigate 

the mechanism of lime stabilization. Eades and Grim (1960) 

suggested that the reactions that accompany soil-lime sta

bilization take place in three steps: exchange of calcium 

ions for those held by the clay, formation of new minerals 

tentatively identified as calcium silicate hydrates resem

bling tobermorite and finally the carbonation of any excess 

lime when the mixture is allowed to air dry. Eades, Nichols and 

Grim (1962) reported that in 1960 they sampled three proj ects in 

Virginia that had been lime-stabilized between 1956 and 1597, 

and the X-ray data of these samples revealed the presence of 

calcium silicate hydrate and calcium carbonate. Diamond, 
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White and Dolch (1963) postulated the reaction between lime 

and clay minerals involved progressive dissolution of the 

mineral at the edges of the particles in the strongly basic 

environment maintained by the calcium hydroxide solution, 

followed by a separate precipitation of reaction products. 

Diamond and Kinter (1965) stated that when lime is added to 

soils, two phases of reaction can be detected: (1) an early 

stage in which the properties of the plastic soils are 

greatly improved but no significant gain in strength is 

developed, and (2) a subsequent stage where a slow gain in 

strength takes place. They postulated that the reactions 

between soil and lime starts with adsorption of calcium 

hydroxide on the edges and surfaces of the clay particles. 

A reaction takes place immediately between the alumina

bearing edges of the clay particles and the lime adsorbed 

on the clay surfaces to produce tetracalcium aluminate 

hydrate, C4AH13 . This reaction is supplemented by a some

what slower reaction of the silica with Ca(OH)2 to generate 

calcium silicate hydrate gel. 

Sloane (1964) conducted electron microscopy and 

electron diffraction studies on the effects of treating 

kaolin with sodium hydroxide and with lime in dilute suspen

sion. He showed that under these conditions the primary 

attack on the kaolinite particles took place at the edges 



21 

of the particles. He also noted the formation of "silicate 

relics," and formation of an insoluble reaction product, 

which he tentatively identified as prehnite. 

The foregoing review is a sample of the extensive 

research that has shaped our present understanding of soil

lime stabilization. The mechanism of soil-lime stabilization 

can be summarized as follows: 

1. Short-term reaction. This reaction results in modi

fication of the soil properties; for example, addi

tion of lime to plastic soils results in reduction 

of their plasticity indices (PI). The soil also 

flocculates, resulting in larger effective grain 

size. 

Modifications in soils due to lime additions 

are usually related to the cation exchange that 

takes place in this stage. Cation exchange in this 

case refers to calcium cations occupying the place 

of other cations, generally sodium, adsorbed to the 

clay structure. Cation exchange, however, must not 

be considered as the only cause for these modifica

tions since they also occur in soils naturally 

saturated with calcium cations (Diamond and Kinter, 

1965) . 

Eades and Grim (1966) developed a simplified and 

fast testing procedure using pH measurements to 
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determine the lime fixation point or the modifica

tion optimum percent of lime. The lime fixation 

point refers to the point beyond which any free lime 

in the mix is utilized in the long-term cementation 

reaction. 

2. Long-term reaction. Lime addition increases the pH 

of the water content in the soil, which provides 

the necessary environment suitable for solubility 

of the silicate and aluminate elements from the clay 

minerals (Figure 1). The silica and alumina combine 

with calcium ions to form gel products that are 

considered as the main cementing agents in the mix. 

The nature of the cementing gel will be discussed 

in more detail later in this chapter. 

Research on lime-treated soils has taken different 

directions. Some investigations concentrated on studying 

the effects of lime in modifying soil properties. Numerous 

other researchers worked on soil-lime durabilities, effect 

of compaction methods, etc. One area of research, however, 

that is relevant to this investigation is the accelerated 

strength testing of soil-lime mixtures. Higher curing 

temperatures were always used, but in some cases salts were 

also added to further accelerate the developed strength. 

Accelerated strength research on soil-lime mixes 

concentrated on predicting the 28-day strength rather than 
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Figure 1. Solubility of alumina and amorphous silica 
in water (from Mitchell, 1976). 
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emphasizing the feasibility of utilizing the procedure for 

quality control during construction. 

Anday (1961) concluded from his study that the 

unconfined compressive strength of specimens, field-cured 

for 45 days at summer temperatures, could be predicted by an 

accelerated laboratory curing of 18 hours at 140°F or 2 days 

at 120°F. 

Drake and Halliburton (1972) reported that Thompson 

(1970) performed a study to determine design coefficients 

for lime-stabilized soils used as highway base and subbase 

courses. His research indicated that laboratory curing of 

samples at 120°F for 48 hours produced unconfined compressive 

strengths approximately equivalent to those obtained from 

samples cured for 30 days at 70°F and recommended that mini

mum design requirements be based on those results. 

Drake and Halliburton (1972) performed a study on 

two Oklahoma soils using both unconfined compression test 

and differential thermal analysis on soil-lime mixes and 

soil-salt-lime mixes. For both soils, at salt-lime modifi

cation and stabilization, 30 hours at 105°F and 95% humidity 

produced equivalent 28-day strength (80°F and 100% humidity 

cure). For lime-only treatment, accelerated curing times 

varied from 30 hours at modification optimum to 70 hours at 

stabilization optimum. They concluded that the addition of 



low percentage of salt accelerates the formation of the 

reaction products associated with lime treatment. 
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Marks and Halliburton (1972) confirmed the role of 

salt (sodium chloride) in accelerating the rate of reaction 

between soil and lime. 

Ozier and Moore (1977) applied statistical proce

dures to study the various effects of different variables on 

the compressive strength of salt-lime-treated clay. They 

proposed an equation, to predict the unconfined compressive 

strength in terms of the mixture design, construction and 

environmental variables. 

Hydration of Cement Pastes 

In this study, to understand the reactions that take 

place in soil-cement mixtures, it is very important to 

understand the hydration process of portland cement. Exten

sive research has been done in this area, and due to the 

complexity of portland cement chemistry more investigation 

is certainly needed. Nevertheless, a great deal of infor

mation has been obtained. 

As mentioned before, portland cement consists of 

four major phases; namely, trica1cium silicate (a1ite), 

Beta-dica1cium silicate (be1ite), trica1cium aluminate, and 

a calcium alumino ferrite. 



The hydration products of portland cement in a 

hardened paste consist of a poorly crystallized, porous, 

calcium silicate hydrate or tobermorite gel in which are 

embedded several crystallized hydrates and unhydrated 

cement particles, According to Brunauer and Copeland 

(1964), hydration of portland cement components takes 

place as follows: 

beta-calcium 
silicate 

water 

water 

tobermorite gel 

tobermorite gel 

calcium 
hydroxide 

calcium 
hydroxide 
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4CaO'A120 3 'Fe20 3 + 10H20 + 2Ca(OH)2 ~ 6CaO,A1 20
3

'Ca(OH)2'12H
2

0 

tetracalcium- calcium calcium aluminoferrite water aluminoferrite hydroxide hydrate 

3CaO'A1 20 3 + l2H20 + Ca(OH)2 ~ 3CaO,A120 3 ,Ca(OH)2,12H20 

calcium tetracalcium aluminate C A water 
3 hydroxide hydrate 

10H20 + CaS04 '2H20 ~ 3CaO'A1 20
3

'CaS0
4

,12H20 

water gypsum calcium 
monosulfoaluminate 

Copeland, Kantro and Verbeck (1962) estimated that 

in a curing time of 7 to 10 days, 72 - 80% of the C3S, 78 -

87% of the C3A and 36 - 46% of the C2S should be hydrated, 
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The identification of the different hydration prod

ucts is not an easy task. Various techniques have been tried 

for this purpose, including X-ray diffraction, differential 

thermal analysis, infra-red spectroscopy and electron 

microscopy. X-ray diffraction is the most used method in 

spite of the difficulties encountered in identifying ill

crystallized gels and overlapping peaks. Electron microscopy 

can be used to distinguish between the different types of 

calcium silicate hydrates. Differential thermal analysis is 

gaining more attention in the cement chemistry since its 

responses do not depend on the crystallinity of the material 

investigated. It requires sensitive equipment and more 

information is still needed to interpret the thermograms. 

Infra-red spectroscopy is not as popular as the other methods 

due to insufficient data on using this method for studying 

cement hydration products. In this investigation X-ray 

diffraction and electron microscopy were utilized. 

Heat Evolution 

When cement and water are brought into contact, 

hydration of some cement phases, mainly C3A and C3S, is 

accompanied by release of heat (first peak in Figure 3; 

Veerbeck, 1965). As the hydration process continues, gypsum 

reacts with the highly reactive C3A, producing a sulfoalu

minate compound that coats the remainings of the C3A phase and 
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thus retarding its rapid hydration. This causes a l-to-2-

hour delay in setting, allowing convenient handling and 

placing. The heat of evolution, however, continues then to 

pick up as a result of the combined effect of the slow 

hydration of C3A and particularly the increasingly rapid 

reaction of C3S until a peak is reached, the second peak in 

Figure 2. A third peak is frequently observed with cements 

having a moderate to high C3A content. Its magnitude and 

time of occurrence depend upon the C3A and gypsum contents. 

Heat of hydration was utilized in developing two 

methods of accelerated strength testing in concrete (ASTM 

Designation C684-8l), namely, the warm water method and the 

autogeneous method. More details on these methods are given 

later in this chapter. 

Hydration of Tricalcium Silicate (C3S) 

When tricalcium silicate and the beta-dicalcium 

silicate hydrate, calcium hydroxide and calcium silicate 

hydrate (CSH), which is a member of the tobermorite series 

(Kantro, Copeland and Anderson, 1960) are produced. Figure 

3 shows a typical X-ray diffraction pattern of a completely 

hydrated normal portland cement paste. As for CSH, Figure 

3 shows three lines of diffraction representing d-spacings 

of approximately 3.05, 2.79 and 1.82 A. The 3.05 A peak 

is broad, quite asymmetric and falls off relatively sharply 
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Figure 2. Heat liberation pattern of a portland 
cement (from Verbeck, 1965). 
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Figure 3. Schematic X-ray diffraction pattern of 
normal portland cement paste (CuKa 
radiation) (from Taylor, 1964). 
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on the low-angle side and much more gradually on the high

angle side (Copeland and Kantro, 1964). When the paste 

carbonates, due to exposure to the atmosphere, the 3.05 A 

is obscured by the principal calcite peak at 3.03 A (Eades 

and Grim, 1960). 

The other two peaks, 2.79 and 1.82, were also ob

served in hydrated cement pastes but they were reported to 

be weaker in intensity than the 3.05 A peak. Furthermore, 

the 2.79 A peak may be overshadowed by the 2.78 A C3S peak. 

Before concluding this section, it is necessary to 

acquire some knowledge on the nature of calcium silicate 

hydrate. As has been stated before, the calcium silicate 

hydrate found in hydrated portland cement is a member of 

the tobermorite group. The group comprises a range of 

phases which vary widely in both composition and crystalli

nity. Members of the group are characterized by a common 

structural resemblance to tobermorite, a natural mineral 

which was originally discovered at Tobermory, Scotland. 

The tobermorite group is divided into three major subdivi

sions (Taylor, 1964): crystalline tobermorites, semi

crystalline tobermorites and near-amorphous tobermorites. 

This classification is mainly based on the degree of 

crystallinity, by the Ca/Si ratio and morphology, as can 

be seen from Table 2. The semi-crystalline tobermorites and 



Table 2. Classification of the tobermorites. 

Primary 
Subdivisions 

Crystalline 
toberomorites 

Semi-crys
talline 
tobermorites 

Near-amorphous 
tobermorites 

Type of X-Ray 
Powder Pattern 

Full pattern 
showing many hk1 
reflections; 
often 40-S0 lines 
given adequate 
experimental 
technique 

Patterns of about 
6-12 lines, in
cluding mainly hk 
or hkO reflections 
and usually a basa10 
reflection at 9-14 A 

Weak patterns of 1-3 
hk lines or bands 0 
(3.0S, 2.8 and 1.8 A 
approximately) 

Secondary 
Subdi vis ions-;'~ 

o 
14 A Tobermorite 
11.3 A Tobermorite 
9.3 A Tobermorite 
12.6 A Tobermorite 
10 Tobermorite 

C-S-H(I) 

C-S-H(II) 

Tobermorite gel 
(predominant 
constituent(s)), 
etc. 

Composition 

CSS6H9 
CS S6HS 
CS S6HO-2 
(?) 
(?) 

Ca/Si < 1. S 

Ca/Si > 1. S 

Ca/Si 
probably 
usually 
> 1. S 

Appearance in 
Electron 

Microscope 

Flat plates or 
laths, usually 
euhedra1; 
rarely fibres 

Crumpled foils 

Usually fibres 

Irregular 
platelets or 
foils, fibres 
(?) 

* The initials C-S-H denote "calcium silicate hydrate"; hyphens are used to show 
that the composition CaO·Si02 ·H20 is not necessarily indicated. 

(Source: Taylor, 1964) W 
N 



the near-amorphous tobermor-ites are the ones usually 

encountered in cement hydration. 

The semi-crystalline tobermorites are subdivided 
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into CSH(I) and CSH(II). CSH(I) denotes material with a 

Ca/Si ratio that may vary between 0.8 to approximately 1.5. 

It appears as crinkled or 'crumpled foils under the electron 

microscope (Grudemo, 1964). Typical values for the specific 

surface of CSH(I) are 135 - 378 m2/g and a mean foil thick

ness of 24 - 67 A (Taylor, 1964). CSH(I) can be formed 

both at room temperature and under hydrothermal conditions 

(reaction in the presence of water above 100°C at pressures 

exceeding atmospheric). Methods of preparing the material 

in the laboratory include: (1) reaction of lime with silica 

sol or gel and water, and (2) reaction between a solution of 

a calcium salt with one of the alkali silicates, e. g. , sodium 

silicate (Diamond, Dolch and White, 1964). It is as strong 

a cementitious material, or even stronger than the near 

amorphous tobermorites (Marks and Halliburton, 1972). 

CSH(II) denotes a lime-rich phase, semi-crystalline 

tobermorite with a Ca/Si ratio in the range 1.5 - 2.0. It 

can be obtained both at room temperature or hydrothermally. 

Methods of preparation in the laboratory include: (1) reac

tion of C3S or beta-C2S with water ,in aqueous suspension at 

room temperature either by shaking in a bottle or (for beta-



34 

C2S only) by treatment in a ball-mill (Copeland and Schulz, 

1962); (2) hydrothermal treatment of mixtures of silica or 

CSH(I) with Ca(OH)2 at 100 - 200°C; and (3) reaction of beta

C2S with steam at 100°C. Some variaties of CSH(II) are very 

poorly crystallized and there is probably no clear dividing 

line between CSH(II) and near-amorphous tobermerites (Taylor, 

1964). Diamond et al. (1964) reported that they used method 

(1) to prepare CSH(II), but they ended up with the near

amorphous CSH. 

According to Copeland and Schulz (1972), Grudemo 

(1964) and others, CSH(II) appeared as cigar-shaped bundles 

of fibers under the electron microscope. 

Near-amorphous tobermorites, which are also known as 

tobermorite gel or tobermorite G, are a comparatively high

calcium phase with Ca/Si ratio normally varying from about 

1.39 - 1.73. This phase is formed in pastes of C3S - beta

C2S or portland cement hydrated at room temperature. As 

mentioned earlier, X-ray diffraction shows three peaks (3.05, 

2.79 and 1.82 A) that are known to be characteristics of 

tobermorite. Tobermorite gel is usually considered to 

consist of mostly straight, comparatively long fibers, the 

fibers themselves being composed of rolled sheets. It should 

be noted that the composition of tobermorite gel overlaps 

with that of CSH(II). 
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Finally, according to Brunauer and Copeland (1964), 

a fully hydrated cement poste contains calcium hydroxide 

and tobermorite gel about 25 and 50% by weight, respectively. 

Hydration of Tricalcium Aluminate (C3A) 

According to studies on cement pastes by Seligmann 

and Greening (1964), for compositions of sulfate-to-alumina 

ratios found in portland cements, the hydration of tricalcium 

aluminate proceeds in three successive stages: 

1. Formation of ettringite (high-sulfate form of calcium 

sulfoaluminate hydrate). In this stage, some of the 

tricalcium aluminate reacts with gypsum and water to 

produce ettringite. 

2. Formed ettringite reacts with some of tricalcium 

aluminate and with water to produce the low-sulfate 

form of calcium sulfoaluminate hydrate. 

3. More of the tricalcium aluminate reacts with calcium 

hydroxide and the low-sulfate form of calcium sulfo

aluminate hydrate to form a solid solution. The rest 

of C3A reacts with calcium hydroxide and water to 

form a tetracalcium aluminate hydrate. 

Kantro et al. (1960) confirmed that ettringite 

is the first sulfoaluminate to form and that it then con

verts to the monosulfoaluminate. Other calcium aluminate 
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hydrates include tricalcium aluminate hexahydrate (C3AH6) 

and tetracalcium aluminate l3-hydrate (C4AH13). These 

hydrates are generally poorly crystallized and isomorphous 

substitution might take place, resulting in modification of 

the mineralogical content. Calcium aluminate hydrates are 

weak cementing agents. 

Mechanism of Soil-Cement 

Concrete is made up of portland cement paste mixed 

with fine aggregate (sand) and coarse aggregate (gravel or 

crushed stone). In well-made concrete, the cement paste 

coats every particle of aggregate and it also fills the voids 

between the aggregate particles. The strength gained by 

concrete is essentially due to the cementation effect from 

the cement hydration products. 

In soil-cement, there are two main cases. In the 

first case where cement is added to granular soils, the 

cementation effect is similar to that in concrete but the 

cement paste does not fill the voids. Cementation occurs 

at the contact points of the particles. The source of 

cementation is, as in concrete, cement hydration products. 

The second case is where clayey soils are used in 

soil-cement mixtures. The mechanism of strength develop

ment here is more complicated than in concrete or in 

granular soil-cement, since in clayey soil-cement not only 
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cement hydration takes place but a secondary reaction that 

involves the soil itself also takes place. In this inves

tigation since clayey soils are used the following review 

will deal essentially with investigations conducted on 

clayey soils. It should be noted that soil-cement is much 

weaker than concrete, and much stronger than untreated 

soils. 

The current understanding of soil-cement interaction 

recognizes two distinct stages. The primary process involves 

hydrolysis and hydration of the cement. Hydration products 

form, and the pH value of the pore water increases. The 

fresh calcium hydroxide produced in this process can react 

much more rapidly than ordinary lime. 

In the secondary process, clay takes part in the 

reaction. The calcium ions produced by cement hydration, 

in the first process, convert the clay into calcium clay and 

tend to increase the intensity of the flocculation initiated 

by the increase in total electrolyte content due to cement 

addition. The calcium hydroxide then attacks clay particles 

and amorphous constituents. Silicates and aluminates then 

dissolve in pore water and combine with calcium ions and 

precipitate additional cementitious material. Calcium 

hydroxide consumed in the secondary process is partly re

plenished by the lime produced from the hydrating cement. 



Thus, products of the primary process supply material for 

the continuation of the secondary process. 

Flocculation of the clay particles brings them 
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closer to each other since the secondary cementitious 

material would be mainly formed over the surface of the clay 

particles or in their immediate vicinity the flocculated clay 

particles would be bonded at the contact points. Stronger 

bonds may also be developed between the hydrating cement 

paste and clay particles coating cement grains. Furthermore, 

the structural similarity between clay minerals and some 

cement hydration products might result in integration 

(epitaxy) . 

Accordingly, the clayey soil-cement mechanism of 

strength gain can be attributed to two processes: a primary 

process, the products of which initiate hardening and dif

fer from the normally hydrated cement in concrete or granu

lar soil-cement only by their lower lime content; then a 

secondary process where additional cementing material is 

produced, resulting in further enhancement of strength. 

Herzog and Mitchel (1963) conducted an intensive 

investigation to confirm the above hypothesis. Some of 

their findings are listed below. 

1. The pH values of hydrating pure portland cement, 

C3S and pure clay did not change with time, but decreased 
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during the curing of soil-cement mixtures, implying 

the existence of an (OR) consuming process. 

2. All clay-cement specimens had smaller amounts of 

free calcium hydroxide than would be present if 

normal hydration took place in the cement and the 

soil is considered to be inert. This indicates that 

the missing calcium hydroxide was consumed in reac

tions with clay minerals. 

It should be noted that the secondary process is 

also described as a pozzolanic reaction, since it only 

involves the clay (a pozzolan) portion of the soil. 

Diamond et al. (1963) reported the formation of 

calcium silicate hydrate (CSR) and calcium aluminate 

hydrate (CAR), the major secondary reaction between calcium 

discussed earlier, as a result of reaction between calcium 

hydroxide and clays, quartz and other silicates. They also 

reported the formation of C4AR13 and the formation of C3AH6 

at slightly elevated temperatures. Their electron microscopy 

study suggested a deterioration around the edges of clay 

particles. 

Studies by Moh (1965) showed that CSH and CAR, in 

addition to being hydration products, are also reaction 

products of soil-cement. Re wrote the followineequationsas 

a simplified representation of the reactions: 



Cement + H20 + CSH + Ca(OH)2 

Ca(OH)2 + Ca++ + 2(OH)-

Ca++ + 2(OH)- + Si02 (soil silica) + CSH 

A1 203 (soil alumina) + CAH 
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Noble (1967) investigated soil-cement reactions on 

three different clayey soils (Anna kaolinite, Fithian illite 

and Aberdeen montmorillonite). His data indicated that 

cement hydration in soil-cement mixtures was very rapid in 

the kaolinite mixtures, slower in the illite mixtures and 

slowest in the montmorillonite mixtures. He explained this 

difference in hydration by suggesting that clay particles 

and recently crystallized gels of calcium silicate hydrate 

and, perhaps, calcium aluminate hydrate encapsulate the 

hydrating cement grains and thus restrict their hydration. 

Also, the finer and/or the more hydrophillic the clay, the 

more encapsulation of cement grains or restriction of hydra

tion takes place. Deterioration of clay particles was also 

reported in his study. The suffered deterioration in the 

clay minerals from greatest to least was as follows: Aberdeen 

montmorillonite, Anna kaolinite and Fithian illite. 

Noble and Plaster (1970) carried out detailed experi

mental work, mainly on three relatively pure clays (Anna 

kaolinite, Fithian illite and Aberdeen montmorillonite) and 

three Virginia soils. They utilized two curing conditions: 
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normal curing at room temperature in a nitrogen atmosphere 

for varied periods for all six soils and accelerated curing 

at 79°C and 100% relative humidity for 43 and 100 days. 

Only the clay specimens were accelerated-cured. Most impor

tant findings in their investigation regarding clay-cement 

mixtures are as follows: 

1. Accelerated-cure specimens: 

No calcium hydroxide was detected in most speci

mens. Some specimens showed very weak Ca(OH)2 

reflection on X-ray diffractograms. 

• No dicalcium silicate or tricalcium silicate 

reflections were observed. 

• Only one reflection of CSH could be identified. 

• Deterioration of clay particles from greatest to 

least: kaolinite, montmorillonite and illite. 

• The reactions were more intensified than those 

which took place at room temperature (normal 

curing) . 

2. Room temperature (25°C) cured cement-clay: 

• Calcium hydroxide was detectable but there were 

differences in the quantity of Ca(OH)2 in the 

various mixtures, as mentioned before in the 

Noble (1967) study. 

• No dicalcium silicate or tricalcium silicate 

X-ray reflections were observed for the specimens 



42 

cured from 1 to 112 days. That was explained by 

the encapsulation hypothesis. Unhydrated cement 

grains were shielded by the adhesion of clay 

particles and hydration products to their surfaces. 

Also, no calcium silicate hydrate X-ray reflections 

were observed for the same specimens. 

Treadwell (1966) observed trica1cium silicate X-ray 

reflections for kaolinite-cement specimens cured for 1 to 

112 days. The intensities of these reflections, however, 

continued to decrease with the curing time. He also identi

fied a product similar to prehnite in the X-ray traces and 

electron micrographs which had been reported earlier by 

Sloan (1964). Hydration products such as Ca(OH)2' CSH, 

tetraca1cium aluminate 13-hydrate (C4AH13), trica1cium alu

minate hexahydrate (C3AH6) and calcium aluminate trisu1phate 

hydrate (ettringite) were observed on X-ray traces for 

different curing times during the course of study. 

In a study utilizing the electron microscope to 

investigate the fabric of soil-cement, Mitchell and E1-Jack 

(1965) proposed the following process. Initially the fabric 

is one of separate cement grains distributed throughout the 

clay soil. As the cement continues to hydrate, hydration 

product gels accumulate along the edges of groups of clay 

particles. As hydration proceeds the soil particles are 

more and more broken down and the cement gels diffuse more 
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extensively throughout the mixture. Eventually, the break-

down of the soil minerals and the formation of hydration 

products reach a point where the soil and cement can no 

longer be distinguished as two separate phases. Figure 4 

illustrates the process of fabric formation summarized above. 

It should be noted that cement particles (10~ average 

size) are very large compared to the clay particles. Thus 

a clay-cement skeleton and a clay matrix is most likely to form. 

Herzog (1964) explained a postulation of structure for skeleton 

units. A sea-urchin-1ike body (see Figure 5) is formed from 

the hydrating cement grains and the simultaneously occurring 

secondary reactions where the hardened cement core is sur

rounded by a zone of domains of flocculated clay bonded 

together by secondary cementation at interdomain contacts. 

Conduits of interconnected macro pores at the outer boundary 

of the zone protrude into the clay structure. If lime can 

move through these pores, then cementation takes place on 

their walls. The end result is reinforced branches that are 

connected within the sea-urchin-1ike body, protruding into 

the unaltered clay matrix. If sufficient cement is added to 

ensure high flocculation of clay particles, the spacings 

between the clay f10cs will be reduced to such an extent 

that protruding branches interconnect and so a continuous 

skeleton is formed. The skeleton is the main load-support

ing components of the system. 
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am Cement Particles 
(u n hydrated) 

_ Hydrating Cement Gel and Lime-Clay 
Reaction Particles 

6 Clay Particles ~ Degrading Clay Particles 

(a) As- Compacted Condition (b) After Short Curing Period 

Ip 
~ 

Indistinguishable Clay and 
Cement Phase 

(c) After Long Curing Period 

Figure 4. Schematic diagram of changes in c1ay
cement structure during curing (from 
Mitchell and E1-Jack, 1965). 
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f/lJ) Original Cement Grain 

o Cement Grain Grown 
by Hydration 

...r'\ Cemented Skeleton 

Figure 5. Skeleton-matrix structure formed by 
cement-clay interaction (from 
Herzog, 1964). 



46 

Effects of Additives 

Additives have been used both in lime and cement 

stabilization to improve the strength and other properties 

of the mixtures. Fly-ash has proved to be effective in lime 

stabilization. Ladd, Moh and Lambe (1960) reported that 

sodiurn compounds produced different effects on soil-lime. 

Sodium metasulphate was usually found to be the most effec

tive additive. Sodium hydroxide was reasonably effective 

while sodium sulphate was effective with some soils and 

ineffective or detrimental with others. None of the sodium 

additives improved the strength of the organic clay-lime. 

Davidson, Mateos and Barnes (1960) conducted a study on lime 

stabilization of montmori11onitic clay soils with chemical 

additives and reported the effectiveness of sodium hydroxide 

in improving the strength of the clay-soil mixtures. Sodium 

carbonate and sodium phosphate were not as effective as 

sodium hydroxide. 

Marks and Halliburton (1972) and Drake and Halliburton 

(1972) found salt (sodium ch1oride--NaC1) to be effective in 

accelerating the strength development in soil-lime. 

Some additives have also been found to produce favor

able effects in soil-cement. Compounds of alkali metals such 

as sodium have been investigated. Lamb, Michaels and Moh 

(1960) performed a study on the effects of a group of alkali 
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metal compounds (sodium, potassium, lithium) on eleven soils 

ranging from sands to heavy clays, with some having high 

organic contents. Some of the main findings reported are: 

1. Addition of hydroxides and a wide range of salts of 

alkaline metals, in concentrations of 1.0 to 4.0% 

by weight would greatly increase the compressive 

strength of cement-stabilized soils. 

2. All sodium compounds that form insoluble salts with 

calcium, specifically sodium hydroxide, carbonate, 

sulfite, sulfate, metasilicate and aluminate, proved 

to be highly beneficial. 

3. The success of sodium compounds on soil-cement is 

dependent on the soil type. The higher the plas

ticity index or the organic content, the less the 

success. 

4. The effect of the individual sodium compound with 

respect to individual soils was found to be as 

follows: 

a. Sodium hydroxide proved to be very beneficial 

with soils having a low to moderate organic 

content. 

b. Sodium metasilicate is most effective on pure 

sandy soils. 

c. Sodium sulphate was particularly effective in 

sandy soils with organic content. 
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e. In silty soils the efficiency of sodium compounds 

decreased in the following order: sulfate, 

aluminate, metasilicate, carbonate, hydroxide, 

and sulfite. 

Moh (1965) conducted a study, using two mono-mineral 

soils (quartz and kaolinite) on the reactions of soil 

minerals with cement and chemicals. He concluded that addi-

tion of sodium additives (hydroxide, metasilicate and 

sulphate) greatly intensifies the reaction between the soil 

and stabilizer and consequently increases the abundance of 

reaction products. He gave the following simplified equa-

tions to clarify the role of sodium additives in soil-cement. 

Cement + H20 ~ CSH + Ca(OH)2 

Na2X + Ca(OH)2 ~ CaX + 2Na+ + 2(OH) 

2Na+ + 2(OH)- + Si02 (soil silica) ~ NSH 

A1 203 (soil alumina) ~ NAH 

NSH + ++ Ca ~ CSH + Na++ 

or CNSH + Na+ 

NAH + ++ Ca ~ CAH + Na+ 

Calcium chloride was also found to accelerate 

the hardening and strength development. For some soils, 

however, it was only found to accelerate the rates of 
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hardening (Kezdi, 1979). Calcium chloride actually slightly 

retards the aluminate reactions, and its accelerating effect 

is due to an increased C3S hydration (Verbeck, 1965). 

In Great Britain, bitumen emulsion was tried in 

soil-cement. According to the results obtained, about 5 -

7.9% emulsion and 3 - 5% cement had to be added in order to 

get favorable effects. Experiments in Hungary showed that 

bitumen addition was beneficial up to about 6%, as can be 

seen from Figure 6 (Kezdi, 1979). 

Sugar (sucrose) was found to accelerate the reaction 

between C3A phase and gypsum so that some initial stiffening 

might occur. Another effect, however, was retardation of 

reactions that involve the C3A phase. Hydration of trical

cium silicate also was greatly retarded (Seligmann and 

Greening, 1964). 

Accelerated Strength Testing 
in Concrete 

The idea of accelerated strength testing emerged 

over 50 years ago. Several methods have been developed 

since then, with variable degrees of success in different 

parts of the world. All these methods are based on the 

principle that accelerating the strength development in 

concrete can be achieved by increasing the rate of cement 

hydration in the mix by increasing the temperature of the 
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curing environment. Two sources of heat have been utilized: 

either external, by using steam or hot water, or internal by 

retaining the heat of hydration using insulated containers. 

Most of the methods developed utilize one of the following 

techniques (Dhir, 1976): 

1. Autoclaving. 

2. Oven curing. 

3. Electrical curing. 

4. Hot-water curing 

5. Autogeneous curing. 

The first accelerated strength testing was used in 

the United States during the construction of the Hoover Dam 

in the 1930's. In the 1950's attempts were made to use oven 

heat and boiling water as curing media. In 1959, the Insti

tute of Civil Engineers, England, formed the Accelerated 

Testing Committee to explore and compare the available 

methods. The committee issued its report in 1968 (King, 

1968), in which it strongly recommended the use of acceler

ated strenth testing. The committee also recommended a 

standardized test (BS 1881). The testing procedure consists 

essentially of curing concrete specimens in a water tank 

with the water at 55°C (Table 3). 

Another method that has received wide attention in 

the United Kingdom is the Grant method. This method utilizes 



Table 3. ASTM and BSI Standard Accelerated Curing Testing. 

Age Duration 
Curing Curing Curing of Age at 

Procedure Molds Medium Temp. Begins Cure Testing 

l. 28-Day, normal Reusable or Water 70°F 24 hours 28 days 29 days 
curing single use (21°C) after 

curing 

2. Warm water Reusable or Water 95°F immediately 23!z hour 24 hour 
single use (35°C) after + 30 min + 15 min 

casting 

3. Boiling water Reusable or Water Boiling 23 hours 3!z hour 28!z hour 
single use after + 5 min + 15 min 

casting 

4. Autogeneous Reusable or Heat of immediately 48 hour 49 hour 
single use Hydration after + 15 min + 15 min 

casting 

5 . BSI acceler- Reusable or Water 131°F Vi - 3!z 19 hour 21 hour 
ated curing single use (55°C) hours from 50 min 10 min 

start of from start 
mixing of accel. 

during 
U1 
N 
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a galvanized water tank in which a steel grill is fixed for 

placing the specimens (Figure 7). Cubic specimens prepared 

throughout the day are placed, in their molds, on the grill 

in the tank. The power is switched on at the end of the 

working day (about 5 p.m.) so that the water temperature 

rises to, and is maintained at B2 + 2°C, and accelerated 

curing continues through the night. The electricity is 

switched off after a total of 16 hours have elapsed. The 

cubes are then removed from the tank and tested for strength. 

This method was successfully used for quality control in a 

project in Edinburgh, Scotland (Francis, 1976). 

In France two methods were developed recently. In 

one of them, specimens are heated in an oven at 60°C (140°F) 

and in the other at BO°C (176°F) (Abdun-Nur, 1978). 

In 1971, ASTM standardized three accelerated curing 

procedures, Designation C 684. This standard has been 

improved and revised and is now C 684-81. Briefly, the 

methods contained in the standard are: 

A. Warm-water method. Immediately after concrete spe

cimens are prepared, the cylinders (in their molds) 

are immersed in a water bath maintained at 95°F 

(35°C) for 24 hours. The strength gain in this case 

is mainly attributed to the heat of the hydration 

of cement and the water bath acts as an insulator. 
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Fifure 7. Equipment for Grant method of accelerated 
testing. -- In a galvanized water tank are 
heating elements which "cook" the concrete 
test specimens (from Francis, 1976). 
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The advantage of using this method are simplicity 

and safety. No sophisticated equipment is needed and 

only 25 hours are needed to complete the test. The 

disadvantages are: personnel may be required to work 

overtime, a need for a laboratory at the job site, 

and the strength gain is not high as compared with 

24-hour specimens cured under normal conditions 

(Malhotra, 1981). Figure 8 shows a typical set-up 

used for this method. 

B. Boiling water method, or modified boiling water 

method. In this case the specimens are normally 

moist-cured for 24 hours; after that they are 

immersed in boiling water for 3-1/2 hours, and one 

hour later they are tested for strength. This is 

the most used method due to its simplicity and ease 

of application. There may be a need for overtime work, 

and the hydration products could be slightly differ

ent from those of normally cured cylinders (Malhotra, 

1981 and Abdun-Nur, 1978). 

C. Autogeneous method. The test cylinders are placed 

in insulated containers, to be tested 48 hours after 

casting. The insulated containers preserve the 

liberated heat of hydration, and this preserved heat 

accelerates the strength. Advantages of this method 

include elimination of an external source of heat 
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Figure 9. Autogenous curing container (Procedure C) (from 
AS TM , 1981). 
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and no need for a job-site laboratory. This method 

was found to be the least accurate and excessive 

overtime work was needed. Figure 9 shows the appar

atus utilized by this method. 

Ramakrishnan and Dietz (1978) compared three acceler

ated curing methods: the boiling water method, the hot water 

method (167°F or 75°C) and the warm water method. In their 

conclusion, they recommended using ,the boiling water method 

because of its simplicity, its satisfactory correlations 

with standard curing methods, and lack of sufficient infor

mation regarding other accelerated methods. They also stated 

that accelerated cured specimens, in many cases, when allowed 

to cure at normal conditions do not develop the same com

pressive strength of a similar specimen cured at normal 

conditions. 

Malhotra (1981) mentioned several case histories 

where ASTM accelerated strength procedures were used: 

1. Warm water method. This method was used by the Corps 

of Engineers for control and prediction of strength 

at later ages in their major Civil Works project. 

2. Boiling water method. Was used in Churchill Falls 

Project (Labrador, Canada) and in construction of 

Tunnel Emisor Central (Mexico). 

3. Autogeneous method. Was used in the CN Communication 



Tower Project (Canada) and La Angostura Hydro

Electric Project (Mexico). 

The ASTM methods are summarized in Table 3. 
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CHAPTER 3 

EQUIPMENT AND MATERIALS 

Different types of equipment were used at different 

stages of the research work. Two major types of testing 

were conducted: mechanical and physico-chemical. Mixtures 

of sand and clay in addition to portland cement (Type 1/11) 

were used in preparing the specimens. In the following 

sections, a comprehensive list of the equipment utilized and 

materials used in this research is outlined. 

Mechanical Testing Equipment 

• Large plastic containers that can be covered tightly, for 

storing the cement and protect it from the moisture in the 

atmosphere. Similar containers had also been used for 

storing the soil . 

• Harvard miniature molds, 1.31 inches (33.34 rom) internal 

diameter and 2.186 inches (71.9 mm) high, and their base 

plates. 

Soi1test specimen extruder. For specimens with higher 

sand content, the friction between the soil and the mold 

surface was so high that it was extremely difficult to 

extrude a specimen with the Soi1test extruder. So a 

special extruder was built for this purpose. 
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• 610 g capacity triple beam balance (OHAUS). 

• 25 kg capacity triple beam balance (OHAUS). 

• Electric oven for drying the soil. 

• Modified AASHTO compaction equipment. As specified by 

Lambe (1951) and ASTM D1557. 
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• Plastic bags (commercially known as Ziplock) of 6-1/2 in. 

x 5-7/8 in. x 1.15 mils. These bags were used for stor

ing dry mixtures of soil-cement; one bag per specimen. 

• Saran wrap, for wraping the specimens, both accelerated

cured and normally cured. 

Spoons and spatulas, for handling and mixing the soils. 

• Baldwin Compression machine, 60 kips capacity. This 

machine was used to compact the specimens statically. 

• Automatic Roaster oven (Hamilton Beach). It can provide 

temperatures ranging from 100°F (38°C) to 500°F (260°C). 

It was used for boiling the water in the accelerated 

curing process. 

• Curing room. The temperature and humidity of this room can be 

controlled to produce the desired curing conditions. A 

thermometer and a hygrometer were hanged in that room to 

insure the desired conditions. This room was used for 

curing soil-cement specimens at normal conditions, that is, 

at 72°F (22.2°C) and 100% relative humidity. 

• Plastic containers that could be tightly covered, for soaking 

the specimens after normal or accelerated curing. 
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• Duct tape. This is a heat-resistant tape, available in 

local stores, and was used to seal the Saran-wrapped 

specimens to prevent the wrap from loosening or opening, 

especially when they were immersed in boiling water . 

• The Instron Universal Testing Machine (Figure 10). It was 

used to run the unconfined compression strength test. The 

machine has a 10,000 lb. loading capacity and was cali

brated prior to each use. The loading and chart rates 

could be varied as desired. 

A marker pen for marking the specimens, and a logbook 

where information regarding every specimen was recorded. 

Physico-Chemical Testing Equipment 

A. X-Ray Diffraction 

• A mortar and a pestle for grinding soil-cement and paste 

specimens. 

No. 200 and No. 40 U.S. Standard seives. 

• Plastic sample holders. 

Vacuum dessicators, for drying the specimens under vacuum. 

• High-capacity rotary, Duo Seal (the Welsh Scientific Co.), 

vacuum pump. 

High precision balance (Ainsworth Type 10), able to regis

ter weight to ten-thousandths of a gram. 

• X-ray diffractometer (Figure 11). A General Electric 

XRD-S was used. The radiation source was copper K-alpha. 
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Figure 10. The Instron Universal Testing Machine. 

Figure 11. General Electric XRD-5 X-ray diffractometer. 
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The X-ray beam produced by 35 kv and 23 rna was modified 
~ 

by a 10 beam slit before its incidence on the mounted 

specimen. The diffracted beam reached the counter tube 

after traveling through a medium-resolution co11imeter, 

a 0.10 detector slit and a nickel filter. A time constant 

of two seconds was used and the diffraction specimen was 

scanned at two rates, as discussed later in the next 

chapter. 

B. pH Measurements 

• Corning pH meter 125 (Figure 12). Digital readings up to 

two decimal figures accuracy can be obtained from this 

instrument. 

• pH Electrode (Cole-Parmer), measures full 0-14 pH range 

and can be used directly on slurries. 

• 9 and 12 pH buffer solutions, clean flasks and distilled 

water. 

• Magnetic stirrer (Magnistir), for mixing ground c1ay-

cement mixtures with distilled water and producing uniform 

slurries. 

C. Electron Microscopy 

• Mikros VE-10 vacuum evaporator, Figure 13, for gold coat

ing the samples 

0.5 in. diameter metal stubs. 

· Gold wire, 0.008 in. diameter for coating the samples. 
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Figure 12. Corning pH meter 125. 

Figure 13. Mikros VE-10 vacuum evaporator. 
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Super III A(K) scanning electron microscope (International 

Scientific Instruments, Inc.). This scope has a magnifi

cation power of 10 x to 200,000 x (zooming xl to x3 pos

sible at each step). The manual on the scope states that 

70 Angstroms resolution is guaranteed (at working distance 

of 8 mm and accelerating voltage of 25 kv). Electron beam 

can be accelerated by three voltages: 2 kv, 15 kv, and 

30 kv. 

Due to malfunctions encountered in using the Super III 

A(K) scanning electron-microscope at a later stage of the 

investigation, some specimens were viewed using a (dual 

stage) DS-130 (International Scientific Instruments) 

scanning electron microscope (Figure 14). This scope has 

an acceleration voltage of 1-40 kv (1 kv stops) and a 

secondary image magnification of 20 x to 300,000 x, at a 

working distance of 8 mm, second stage. 

Materials 

Three basic soils were used in this investigation, 

as follows: 

1. Hydrite 10, a kaolinite clay processed by the 

Georgia Kaolin Company, Dry Branch, Georgia. It has 

a specific gravity of 2.63, a liquid limit of 59, a 

plastic limit of 33 and a plasticity index of 26 

(Massanat, 1973). Hydrite 10 is free from 
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Figure 14. lSI DS-130 scanning electron microscope. 
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impurities and has a high degree of crystallinity. 

The physical and chemical properties of Hydrite 10 

are listed in Appendix A. The gradation curve is 

shown in Figure l5a. 

2. Crystal silica sand #30, produced by the Crystal 

Silica Co., Oceanside, California. It has a spe

cific gravity of 2.65. The gradation curve is 

shown in Figure l5b. 

3. Washed granite sand. Obtained from the Granite 

Construction Co., Tucson, Arizona. It has a 

specific gravity of 2.62. The gradation curve is 

shown in Figure l5b. 

4. Type I/II low-alkali portland cement manufactured 

by the Arizona Portland Cement Co., Rillito, Arizona. 

A typical analysis of this cement is given in 

Appendix B. 
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CHAPTER 4 

TESTING TECHNIQUES 

The main obj ecti ve of this research is to develop an 

accelerated curing technique which may be used in: 

1. Predicting the 7-day and 28-day strengths. 

2. Quality control of soil-cement production processes. 

3. Setting specifications for soil-cement mixes. 

No such method has been cited in the available soi1-

cement literature, although oven curing at temperatures 

such as 140°F (60°F) (Herzog and Mitchell, 1963) and 174°F 

(79°C) (Noble and Plaster, 1970) were used. These studies, 

however, were aimed at studying soil-cement reaction and no 

correlation between the strengths of normally cured specimens 

and accelerated cured specimens was attempted. It should be 

mentioned here that normal curing conditions means curing the 

compacted specimens at room temperature and 100% humidity. 

To adopt an accelerated curing procedure, certain 

requirements were kept in mind. The procedure must be 

simple and easy to apply, does not require sophisticated 

equipment, has good reproduceabi1ity and can be completed in 

a reasonably short time to justify its use, especially in 

predicting the 7-day strengths of soil-cement mixtures. 
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With all that in mind, a review of tpe available 

literature that deals with accelerated strength testing in 

soil-lime mixtures and in concrete was carried out. The 

ASTM boiling method was found to be the best one to satisfy 

the above-mentioned requirements. However, soil-cement is 

different from concrete. Soil-cement is weaker than concrete 

and the mechanisms by which both concrete and soil-cement 

derive their strengths are different. Concrete gains its 

strength mainly from cement hydration while soil-cement, 

gains its strength from both cement hydration and a pozzo

lanic reaction. 

Mechanical testing was followed by physico-chemical 

investigations to gain some insight into the differences 

between the 7 - day and 28- day normally cured specimens and the 

accelerated-cured specimens. Thus, the testing procedure 

was conducted in two phases. In the first phase, mechanical 

testing was carried out to confirm the applicability of the 

method. The second phase dealt with physico-chemical 

aspects of the utilized method. 

Mechanical Testing 

The mechanical testing was carried out on five major 

series. Each series represented a different clay content 

in the soil. The soil in each mixture consisted of clay 

(kaolinite Hydrite 10) and sand. Two types of sand were used 
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in each series, crystal silica No. 30 and G~anite sand. 

Each series was subdivided into subseries according to 

cement contents. Since two curing procedures (normal curing 

and accelerated curing) were under investigation, duplicate 

sets of specimens in every series (and subseries) were made. 

Each set was made up of three specimens. For 28-days curing 

four specimens were prepared per set. 

The purpose of using soils prepared by mixing pre

determined quantities of clay and sand was to facilitate 

monitoring the effect of the clay content on the developed 

strength and to insure better reproduceability of the results 

by eliminating the possibility of any variation in the soil. 

As mentioned before, five soil mixtures were utilized. The 

clay contents in these mixtures were 100, 70, 50, 30 and 10%. 

These percentages were chosen to cover a wide range of clay 

contents in the soil. For convenience, the series were 

labeled as follows: 

100% clay = 0 

70% clay = 1 

50% clay = 2 

30% clay = 3 

10% clay = 4 

Furthermore, for the mixtures that contained crystal silica 

or granite sand, the letter C or the letter G, respectively, 

was added next to the number, indicating a specific series. 
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To cietermine the cement contents to be added to the 

soil mixtures, preliminary tests were conducted on speci

mens consisting of 100% pure clay and cement contents of 10, 

15 and 20%. A cement content is a percentage of the total 

solids weight. The weights of the soil constituents were 

determined by first deducting the amount of cement accord

ing to its percentage from the total solids weight and then 

dividing the remainder between the soil components according 

to the required percentages. The specimens were normally 

cured for 7 days. The 10 and 15% specimens fell apart upon 

soaking while the 20% specimens gave an average compressive 

strength of 366 psi. So it was decided to carry out the 

tests on the 0 series using cement contents of 15, 20, 25 

and 30%. The 15% cement was used to find out whether the 

specimens would behave in a similar fashion when accelerated

cured. 

When tests on the 0 series were completed, it was 

decided to proceed with the other series using two cement 

contents, 20% and 30%. Figure 16 shows diagrammatically the 

different mixtures investigated in this research. 

Specimen Preparation 

The first step in specimen preparation was to deter

mine the optimum water content and the maximum dry density 

at which the specimens would be statically compacted. These 

values were obtained from the modified AASHTO compaction 



Soil Percentages 

Clay I 
kaolinite Sand 

Series 0 -

Series I -

Series 2 -

Series 3 -
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Percent by Weight 
of Cement of 

Total Solid Weight 

25% 

30% 

20% 

30% 

20% 

30% 

20% 

30% 

20% 

30% 

:::~: 
20% 

30% 

Series 4 - 30% 

C: Crystal silica 
G: Granite sand 

Figure 16. Illustration of the compositions of the 
various series utilized in this inves
tigation. 
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curves, following the procedure described by Lambe (1951) 

which is similar to ASTM Dl157. The compaction tests were 

carried out on untreated soil mixtures rather than cement

treated soil mixtures. The reasons for this are, first, to 

simplify the procedure by eliminating the need to run 

compaction tests every time the cement content is changed, 

and second, previous investigations (Sultan, 1978 and Kezdi, 

1979) have shown that addition of cement slightly changed the 

optimum water content and maximum dry density of the com

pacted untreated soil. The compaction curve for the 100% 

clay specimens was obtained. from Massanat (1973). Compaction 

curves for the 50 and 30% clay specimens, using each of the 

sands, were obtained by running compaction tests. Ten tests 

were done to define each of the compaction curves. The com

paction curves of the 70 and 10% clay mixtures were obtained 

by interpolating the previously obtained values. Table 4 

shows the values of the maximum dry densities and optimum 

water contents used in the various series. Figures 17 and 

18 show the compaction curves for the various mixtures. 

The clay and the sands used in specimen preparation 

were dried for at least 48 hours in an oven set at 140°F 

(60°C). For the Granite sand, the portion retained on a 

U.S. standard sieve No.4 was discarded. The portion pass

ing the No. 4 sieve was thoroughly washed on a No. 200 sieve 

to remove the fines and any traces of clay minerals that 
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Table 4. List of compaction test results and weights of 
specimens for various series. 

(Y d)max 
Weight of Weight of 

WIG Soli~s Specimen 
Series (pcf)a (%) (gm) (gm) 

0 89.5 29.5 87.4 113.2 

1G 106.0 20.5 103.51 124.73 

1G 106.3 20.25 103.8 124.8 

2G 117.0 14.3 114.25 130.59 

2G 117.9 14.0 115.13 131.25 

3G 126.0 9.4 123.04 134.61 

3G 127.5 8.8 124.5 135.46 

4G 131. 3 6.5 128.2 136.53 

a. Modified AASHTO. 

b. For a specimen 1.31 in. diameter and 2.75 in. high. 
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might be present in the soil to insure that the only clay 

present in the mixture was the added material. The washed 

sand was then air-dried for two days before it was oven

dried. 

The Harvard miniature molds were used in molding the 

specimens. The specimen size was chosen as 1.31 in. diam

eter and 2.75 in. height to give a volume of 3.72 in3 . 

Having determined the maximum dry density and the optimum 

water content of a soil mixture, the weights of dry soil, 

cement and moisture were calculated to get a volume of 3.72 

in3 . 

At the beginning of this investigation, it was 

decided to start with the 0 series (100% clay) for several 

reasons. First, the testing would be simplified since only 

one soil type is involved. Second, the clay is a very weak 

material as compared with clay-sand mixtures; hence c1ay

cement specimens were expected to be the lowest in strength. 

Therefore, the results of the accelerated curing of this 

series could serve as a starting point for the other series. 

Finally, using a pure clay as the soil component would 

greatly simplify the physico-chemical tests that were to 

follow. 

The Harvard miniature molds, the extension collar 

and the base plate were cleaned and thin layers of Vaseline 

jelly were applied to the inside surfaces of the m"olds. 
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The components were then assembled awaiting the test. The 

610 g triple beam balance was cleaned and calibrated. 

Approximately five gallons of distilled water were then 

poured into the container of the Automatic Roaster Oven. 

The water must be in a state of boiling before the start of 

every test. 

A weighed amount of oven-dry soil which slightly 

exceeded the amount needed to prepare three specimens was 

added to the required amount of cement in a can. The two 

materials were then mixed using a spoon for approximately 

4 minutes. After that, the can was tightly covered and 

shaken by hand in different directions for about 2 minutes. 

That was found sufficient to uniformly mix the two materials, 

as evidenced by the uniform grey color of the mixture. The 

mixture was then divided by weighing the amount needed for 

each specimen. This amount was actually slightly higher 

than that required to produce a specimen and it was poured 

in a Ziploc plastic bag. The bag was manually freed from 

air and sealed. 

The required amount of tap water, based on the opti

mum water content, increased by about 1% to compensate for 

any losses in the process, was added to the dry mixture in 

the plastic bag. The soil, cement and water in the sealed 

plastic bag were mixed by hand for about 6 minutes until no 



particles larger than 5 mrn could be observed. The exact 

weight needed for~one specimen was then transferred using 
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a spoon to the mold in 4 approximately equal amounts. After 

transferring each amount, the mixture was lightly tapped 

with a plunger before adding the next one. 

The mold in its base plate, with the weighed mixture 

in it extending up into the extension collar was taken to 

the Baldwin compression machine. The mixture was statically 

compressed to the volume that would give the maximum dry 

density as was determined previously by the modified AASHTO 

compaction test. The static load was kept on the specimen 

for 3 minutes in order to minimize any rebound. This time 

period was found adequate since no rebound was noticed in 

any specimen throughout the research. 

The compacted specimen was extruded, weighed, 

wrapped in Saran wrap and sealed with duct tape. After 

that the specimen was given a number and kept either in the 

moist room or in boiling water bath. The purpose of wrap

ping the specimens was to prevent any moisture gain or loss 

during either curing conditions and to insure that cement 

hydration was due to the added moisture. Furthermore, 

preliminary tests showed that unwrapped specimens fell apart 

when placed in a boiling water bath while wrapped specimens 

remained intact. 
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In a logbook the following information was recorded 

for each specimen: 

• Specimen number 

• Date of specimen preparation 

• Cement content 

• Percentages of soil constituents (clay and sand) 

• Type of curing 

• Specimen weight immediately after compaction 

Duration of curing 

Time curing was started 

• Date and time curing ended 

• Weight of specimen after curing 

• Compressive strength of specimen in psi 

Normal Curing 

Sets representing every series (or subseries) are 

stored in a temperature- and humidity-controlled room. The 

PCA Soil-Cement Laboratory Handbook (1971) requires curing 

the specimens in a moist room at room temperature. In this 

investigation, the dials of the environmental room were set 

to obtaion 72 ± 3°F temperature and 100% relative humidity. 

Sets of specimens were cured under these conditions for 7 

days and 28 days. 
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Accelerated Curing 

Contrary to the ASTM boiling method discussed in 

the previous chapter, the boiling procedure utilized in 

this investigation was designed to be analogous to the 

course of events in the normal curing, i.e., specimen 

preparation, curing, soaking and breaking. The tightly 

wrapped specimen was laid in the pre-boiled distilled water 

bath and kept there for a designated period of time. After 

that, the specimen was removed from the water bath and kept 

at room temperature for 30 minutes to cool. The 30 minutes 

cooling period was chosen since preliminary testing showed 

that specimens boiled for 1, 1-1/2, 2 and 2-1/2 hours and 

then left to cool, at room temperature, for 10 and 20 min

utes disintegrated upon soaking. After the cooling period, 

the specimen was unwrapped and weighed. Any increase in 

weight after boiling indicated that water had penetrated 

the specimen and the specimen was thus discarded. 

Soaking 

At the end of the curing period, either at normal or 

accelerated conditions, the specimen was unwrapped, weighed, 

marked with a number and soaked in distilled water for 24 

hours at room temperature. Tap water was used in mixing to 

simulate field conditions, but distilled water was used in 

boiling and soaking to avoid further complicating the cement 
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hydration and physico-chemical analysis by introducing 

salts and foreign matter from tap water into the specimens. 

Unconfined Compressive Strength 

After 24 hours of soaking, the specimen was removed 

from the container, surface-dried with paper towels, arid 

mounted on the Instron Universal Testing Machine which was 

initially zeroed and calibrated. The specimen was then 

loaded at a rate of 0.05 in/min until failure. The compres

sive strength (in psi) was then found using the maximum 

load recorded by the machine. A set of 3 or 4 specimens 

was tested for every condition. The average strength of 

members of a set was used unless one specimen gave a result 

much higher or lower than the rest; then its value was 

disregarded and the remaining values were averaged. 

For the 0 series, one specimen from every broken set 

was saved for physico-chemical tests. 

At the beginning of this research, during the pre

liminary testing, a different mixing sequence was adopted. 

The water was added to the soil in a plastic bag. The 

plastic bag was manually freed of air, sealed and stored in 

a moist room for 24 hours to temper. After that period, the 

cement was added and specimens were prepared as described 

above. All specimens prepared by this method resulted in a 

highly non-uniform mixture of small pellets and disinte

grated upon soaking after normal curing. 



Physico-Chemical Testing 

Three types of physico-chemical testing were per

formed on specimens fron the 0 series. These tests were: 

1. X-ray diffraction analysis on samples taken from 

specimens cured at normal conditions and acceler

ated conditions. The purpose of doing this test 

was to determine any differences in the constitu

ents of specimens cured by the two procedures. 

84 

Also, the effects of varying the accelerated-curing 

periods, and varying the cement content were also 

studied using the X-ray traces. It should be empha

sized that only specimens from the 0 series were 

utilized in these tests to simplify analyzing the 

results. 

2. pH measurements of dilute suspensions. The purpose 

of performing these measurements was to compare the 

alkalinity of the mixtures as cured by the two pro

cedures. As in the X-ray tests, the comparison 

covered the effects of varying the cement contents 

and varying the curing periods. 

3. Electron microscopy was done on selected specimens 

to detect any visible differences between the two 

curing methods. 

Detailed descriptions of the procedures adopted to 

run the above-listed tests is given below. 
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X-Ray Diffraction 

The broken specimen saved after the unconfined com

pression test was put in a small plastic container and 

stored in a vacuum desiccator. The vacuum desiccator was 

then covered and connected to a vacuum pump which was turned 

on for about 30 minutes. The specimen was then left to dry 

in vacuum at room temperature. 

A randomly oriented soil-cement powder sample was 

prepared as follows. About 5 grams of the dried specimen 

was ground in a mortar until a fine powder was obtained. 

The powder was then transferred to a 3-in-diameter No. 200 

sieve and a cover was mounted on the sieve. A previously 

weighed plastic sample holder was approximately centered 

under the sieve, in the space between the mesh and the rim 

of the sieve, as shown in Figure 19. The purpose of using 

this set-up was to make the distance of falling of the pow

der particles the same for every sample. The powder was 

deposited into the depression of the plastic sample holder 

by tapping on the sides of the sieve. When the poweder 

appeared to fill the depression it was lightly pressed down 

with a glass slide that had been rubbed with an a1coho1-

moistened towel. This process continued until the weight 

of the powder in the depression was approximately 0.3 ± 
0.003 grams. Preliminary testing showed that specimens with 
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Figure 19. Specimen preparation for the X-ray 
diffraction analysis. 
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less than approximately 0.275 grams fell from the sample 

holder when mounted on the X-ray diffractometer. 
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After preparing the X-ray diffractometer for the 

test, the sample was mounted and X-rayed at the high rate 

of 2° (28) per minute starting from 3° (28) to 60° (28) and 

at 1000 counts per second full scale. Preliminary X-ray 

analysis showed that the majority of the peaks were either 

weak or very weak, so it was decided to use 500 counts per 

second full scale. Hydration and reaction products were 

then identified on the X-ray trace. For each product 

certain peaks were chosen for intensity determination. The 

d-spacings of hydration and reaction products, including 

those utilized for intensity determination, are listed in 

Table 6, Chapter 5. 

The selected peaks were scanned again but at a 

slower rate of 0.2° (28) per minute in order to determine 

the exact positions of the peaks and determine the locations 

of the background effects for each peak. To determine the 

intensities of these peaks, three 10-second counts plus one 

40-second counts were taken on every peak. The average 10-

second count was then calculated. The background count cor

responding to each peak was determined. The net count for 

every peak was then found by subtracting its average back

ground count from its average 10-second count. 
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pH Measurements 

The pH values of soil-cement slurries were e1ectro

metrically determined as follows. Ten grams of a vacuum

dried specimen were crushed in a mortar until a powder was 

obtained which would pass through a No. 40 sieve. The 

powder was then stored in a tightly covered plastic bottle. 

A Corning pH meter 125 was calibrated with two buffer 

solutions of 9.0 and 12.0 pH units. The powder was trans

ferred to a clean 100 m1 beaker and 50 m1 distilled water were 

added to it to produce a 1:5 clay-cement water slurry. Using 

a Magnistir, the slurry was stirred at a moderate speed for 

about 2 minutes. Then a "hya1k" electrode was irnmersed in the 

slurry while it was still being stirred. The reading was 

taken after about 6 minutes, which was the period it usually 

took for the reading to stabilize in this investigation. 

Electron Microscopy 

Preparing a specimen for scanning electron microscope 

viewing does not require an elaborate technique as in the 

case of a transmission electron microscope. A piece from the 

central region of a vacuum-dried specimen was taken and 

trimmed so that its maximum dimension did not exceed 0.5 in. 

A small amount of the silver paint was applied to the sur

face of the top of a metal stub. The cut piece was then 

seated on the top of the stub. The specimen stub was stored 
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in a vacuum desiccator for about 24 hours to allow the 

silver paint to dry. After that, the stub with the specimen 

glued to its top was taken to the Mikros VE-10 vacuum evap

orator. The stub was placed under the bell jar of the 

evaporator. About O.S inches of gold wire (99.99%) was 

folded into a small ball and placed in a tungsten wire 

basket. 

of Hg. 

-S The bell jar was closed evacuated to about 10 rom 

The electrode selector was switched to the front of 

feed-throughs for metal coating of specimen surfaces. The 

gold wire was evaporated by heating the tungsten basket by 

turning on the electric current. Gold coating of soi1-

cement mixtures was necessary since they exhibit low e1ec-

trica1 conductivity. 

A group of the gold-coated specimens were viewed by 

a Super III (K) scanning electron microscope. An electron 

beam accelerated by lSk volts was used to scan this group 

of specimens. Another group of the gold-coated specimens 

were examined by a DS-130 scanning electron microscope using 

a 20k volts-accelerated electron beam. All specimens were 

scanned using a magnification of approximately SOOOx and 

pictures were taken of areas that seemed to show features 

of special interest. 



CHAPTER 5 

TEST RESULTS 

The test results are presented here in two parts. 

The first part deals with mechanical testing while the 

second part deals with physico-chemical testing. It should 

be noted that strength, wherever mentioned, means average 

compressive strength of a set of 3 or 4 specimens, as 

explained in Chapter 4, after 24 hours of soaking in dis

tilled water beyond the curing period, normal or acceler

ated. Also,· the terms clay and cement refer to kaolinite 

Hydrite 10 and Type 1/11 low-alkali portland cement, 

respectively. 

Mechanical Testing Results 

As mentioned in the previous chapter, after pre

liminary testing it was decided to start with series 0 to 

establish the feasibility of the accelerated-curing proce

dure. Sets of specimens containing 15, 20, 25 and 30% 

cement were boiled for periods of 1, 1-1/2, 2, 2-1/2, 3, 

3-1/2, 4 and 5 hours. The 15, 20 and 25% cement specimens 

boiled for 1 hour cracked and disintegrated after soaking. 

The 30% cement specimens gave an average strength of 299 
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psi. The 15% cement specimens cracked and disintegrated 

upon soaking after 1-1/2 hours boiling, while the 20% cement 

specimens cracked, but did not disintegrate and gave an 

average strength value of 97 psi. The 25 and 30% cement 

specimens yielded average strengths over 250 psi. All 

specimens, except those containing 15% cement, which dis

integrated after 1-1/2 hours of boiling, showed increased 

strengths with increasing boiling time as illustrated in 

Figure 20. The 15% specimens continued to crack and disin

tegrate upon soaking after boiling for 2 and 2-1/2 hours, 

but they gave an average strength of 304 psi after 3 hours 

boiling and the strength continued to increase after that. 

As expected, the accelerated strength was higher for higher 

cement contents at constant boiling period, as shown in 

Figures 20 and 21. 

Strength data obtained from specimens cured at 

normal conditions for 7, 21 and 28 days are shown in Figure 

22. Comparisons of average strength values of duplicate 

sets cured by the two procedures revealed that about 3 hours 

of boiling was needed to obtain strengths close to the 7 

days curing for all cement percentages except the 15%. 

Furthermore, it appeared that about 4 hours boiling resulted 

in strength comparable to the 28 days curing. 

The fact that strengths as high as the 7-day or 

28-day normal curing could be obtained by the accelerated 
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curing procedure confirmed the applicability of the accel

erated method. Since the 15% cement specimens that were 

boiled for 3 hours did not give strength values close to 

those of 15% cement cured at normal conditions for 7 days, 

as did other specimens with different cement contents, it 

appears that soil-cement specimens cured by the two proce

dures may not necessarily reach their strengths by exactly 

the same mechanism. As a matter of fact, the boiling water 

method was criticized for concrete because it was thought to 

produce hydration products that were slightly different from 

those produced under normal conditions (Abdun-Nur, 1978). 

Further discussion on the 0 series will be included when the 

data on the other series are discussed. 

Numerical strength data of all series are listed in 

Appendix C. 

Clay-Sand-Cement Mixtures 

Data from series 0, 1, 2, 3 and 4 for normally cured 

specimens are presented in Figures 23 and 24 for 20 and 30% 

cement, respectively. These data serve as a base to which 

the results of the accelerated strength tests are related. 

As expected, these data show that strength values increase 

with extended periods of curing. Furthermore, for the same 

curing periods, subseries that contain similar amounts of 

cement yielded different strength values for different 
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mixtures. Also, the higher the cement content the higher 

the strength gained for the same composition of soil. As 

was mentioned earlier in Chapter 3, the clay portion of 
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a soil plays an important role in the secondary (pozzo1anic) 

reaction in soil-cement. Figures 25 through 28 show the 

normally developed strengths as a function of the clay con

tent. It can be seen that strength increases with decreas

ing clay content. This seems to contradict the notion that 

higher clay content means more pozzo1anic reaction and thus 

higher strength. It can also be seen in Figures 26 and 28 

that beyond 30% clay content, in the crystal silica series, 

strength starts to drop and at 10% clay content the strength 

is considerably below that at 30% clay for both 7 and 28 

days normal curing. This discussion will be pursued further 

when the results of the accelerated strength tests are 

reviewed next. Now it remains to be seen whether the same 

pattern is displayed by the accelerated curing procedure. 

From the 0 series, it was established that 3 hours 

boiling and 4 hours boiling gave strengths close to the 

7-day and 28-day normal curing strengths, respectively. 

Therefore, for series 1, 2, 3 and 4 it was decided to boil 

specimens for 3, 4.and 5 hours. The results of the accel

erated curing procedure are shown in Figures 29 and 30. 

From these figures it can be seen that the accelerated 
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Figure 29. Compressive strength versus hours boiling 
for specimens of various series containing 
20% cement. 
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strengths increase with boiling time. The exact boiling 

periods needed to produce the exact 7-day and 28-day 

strengths as predicted from Figures 29 and 30 are shown in 

Figures 31 through 34. The data on these figures exhibit 

no clear pattern which might be due to the effects of three 

main factors. These factors are clay content, cement con

tent and water content. The effects of these factors are 

discussed in the following pararraphs. 

In the secondary reaction (pozzolanic reaction) 

calcium hydroxide reacts with silica and alumina to produce 

calcium silicate hydrate and calcium aluminate hydrate. 

The calcium hydroxide is supplied by cement as a cement 

hydration product while silica and alumina are supplied by 

the clay. So it may appear that the higher the clay content 

the more pozzolanic reaction takes place and the higher the 

strength obtained. However, the strength data for all 

series indicate that the lower the clay content, down to 

30% clay, the higher the strength. This can be explained 

as follows. The produced calcium silicate hydrate bonds the 

sand grains with clay filling the voids, thus forming a 

continuous matrix or a granular-bearing skeleton which is 

a much stronger structure than a cement stabilized pure 

clay. As the percentage of sand increases beyond a certain 

point, about 70%, the overall strength of a mix decreases, 
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as can be seen in Figures 29 and 31 for normal curing and 

Figure 39 for accelerated curing. Clearly, in both cases 

this would be due to the low amount of clay which is not 

sufficient to react and produce enough calcium silicate 

hydrate and form the cemented granular-bearing skeleton. 

In contrast to the trend of the overall strengths, 

the data for all series show a different pattern when the 

percent gain in strength by each series is considered. 

Using the data shown in Figures 35 and 36, Figures 37 and 

38 were prepared to illustrate the percent strength gained 

by boiling specimens 3 to 4 hours and 4 to 5 hours when 20 

and 30% cement were used, respectively. From these figures 

it seems that the percent strength gain increases with 

'decreasing clay content, from 100% to 70% clay content, then 

it decreases with decreasing clay content down to 30% clay. 

Crystal silica and 30% cement data show that the percent 

strength gain reverses direction and starts to pick up 

beyond 30% clay content. This behavior is clearly evident 

in Figures 37a, 38a and 38b. Figure 37b does not follow 

the same pattern. 

Consider Figures 37a, 38a and 38b. For the portion 

between 100% and 70% clay content, the percent strength 

gain increases in the direction of lower clay content most 

probably because a reduction in clay content (from 100% to 
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Figure 37. Variation of percent strength gain of acceler
ated cured specimens, containing 20% cement, 
with clay contents. -- (a) Boiling 3 to 4 
hours; (b) Boiling 4 to 5 hours. 



Figure 38. Variation of percent strength gain of accel
erated cured specimens, containing 30% 
cement, with clay contents. -- (a) Boiling 
3 to 4 hours; (b) Boiling 4 to 5 hours. 
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about 70%) results in more water to be available for the 

hydration process. It has been shown (Davidson et al., 

1962) that when moisture is added to clayey soils part of 

that moisture becomes adsorbed to the clay and this part of 

moisture does not take part in cement hydration. So less 

clay content in the soil means more water will be utilized 

in the cement hydration process. Cement hydration products, 

such as calcium silicate hydrate, contribute to strength. 

Thus the reduction in clay content is compensated for by the 

excess water used for cement hydration. This compensation 

appears to be less effective as the clay content decreases 

beyond about 70%. The drop in strength gain beyond 70% clay 

can be explained by the coupled effects of lower clay con

tent and the presence of higher quantities of sand. 

Considering specimens with the same cement content 

but different kaolinite content and cured with the same pro

cess for the same period of time, it can be assumed that the 

hydration products are similar in amounts, hence major dif

ferences due to hydration can be eliminated. So it appears 

that the pozzolanic reaction is the one making the princi

pal difference. This leads to the conclusion that a lower 

clay content results in reduced extent of pozzolanic 

reaction. Furthermore, it is well known that the specific 

surface of sand is relatively small and since the reactivity 
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of a soil is proportional to its surface area, it is 

expected that the higher the sand content the less pozzo

lanic reaction will take place, and so a lower rate of 

strength increase results. These effects result in a de

creasing strength gain although the overall strength 

increases with decreasing clay content due to stronger 

granular bearing skeleton. As a matter of fact, Figures 

37a, 38a and 38b show the lowest percent strength gain to 

occur at 30% clay content, the same mixture that gave the 

highest overall strength. 

The same figures discussed above show an increase 

in percent strength gain at 10% clay content. It should be 

noted that at this point the soil at the low water content 

used is no longer a clayey soil and the mixture mainly 

draws its strength from cement hydration products and the 

dense granular bearing skeleton. The overall strength of 

the mixture, however, is still below that of mixtures con

taining 70% clay or less for all boiling periods. 

Although Figures 37a, 38a and 38b show remarkably 

similar patterns, Figure 37b presents an opposite pattern 

as compared to the figures just mentioned. It seems that 

the results of the 70% and/or 50% clay content (20% cement) 

are the source of this discrepancy. The discrepancy is 

more pronounced in the crystal silica sand-clay specimens 
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of this series while it is much less pronounced in the 

Granite sand-clay specimens of the same series. This sug

gests that the actual behavior of the series is most prob

ably similar to that of the other series, and inaccurate 

measurements appear to be a major source of the discrepancy, 

as noticed in the crystal silica plot, since the data on 

this figure were overchecked. 

Another way of presenting the data on Figures 37 and 

38 is shown in Figure 39. Figure 39a reveals that the per

cent strength gain between boiling 3 and 4 hours of specimens 

containing 20% cement is larger than specimens containing 

30% cement. This can be explained in a similar fashion as 

before. Since the same maximum dry density and optimum 

water content of the untreated soil mixture (clay-sand) were 

used for the same soil mixture when treated with different 

cement contents, the weight of solids in a specimen of the 

soil mixture is always constant. The weights of the solid 

components, i.e., clay, sand and cement, vary. So higher 

cement content results in lower clay and sand contents. A 

30% cement specimen contains less clay than a 20% specimen 

of the same series. Thus there is higher supply of silica 

and alumina in a 20% cement specimen than in a 30% specimen 

for the pozzolanic reaction. As for the cement content, 

since both cement contents are relatively high in both cases 



Figure 39. Variation between percent strength gain 
by boiling with 20 and 30% cement 
contents. -- (a) Boiling 3 to 4 hours; 
(b) Boiling 4 to 5 hours. 
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(20 and 30%) it seems that there is enough calcium hydroxide 

to complete the pozzolanic reaction. The higher overall 

strength of the 30% cement specimens could be the result of 

a more extensive primary reaction (cement hydration). This 

discussion leads to the conclusion that for specimens pre

pared on the basis of a constant dry density, the higher the 

cement content the greater the primary reaction and the less 

(relatively) the secondary (pozzolanic) reaction. The net 

result is a higher overall strength and a lower percent gain 

in strength with time-accelerated curing. 

Figure 39b shows the percent strength gain obtained 

by boiling specimens between 4 and 5 hours. All series 

except series 1 display a similar trend as in Figure 39a. 

Additionally, most of the data on Figure 39 indicate that 

the percent strength gain from 3 to 4 hours boiling is 

higher than that from 4 to 5 hours when similar series are 

compared. This could be a result of rapid consumption of 

calcium hydroxide in the pozzolanic reaction coupled with 

retarded cement hydration due to encapsulation of cement 

grains by accumulating primary and secondary reactions 

products of cement grains. So, as boiling continues the 

consumption of calcium hydroxide is not sufficiently com

pensated for by further hydration. This point will be 

further discussed when the X-ray diffraction results are 

presented later in this chapter. 
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Figure 40 shows a pattern for normally cured speci-

mens similar to that of accelerated-cured specimens in 

Figure 39. Most data on Figure 40 show higher percent 

strength gain by curing 7 to 28 days using 20% cement than 

30% cement. 

Another observation on accelerated-cure specimens 

deals with the loss of weight due to boiling. Actually any 

loss of weight in this case must be in the moisture content. 

Examination of the data on weights of specimens before and 

after boiling (after a 30-minute cooling period) shows only 

that slight losses had occurred. The maximum loss was ob-

served in the 0 series, and was 3.5% of the mofsture content. 

Prediction of 7-Day and 28-Day 
Compressive Strengths 

A. Average Boiling Time Method 

Examination of strengths and hours boiling data from 

all series and different cement contents reveals that in the 

majority of cases the normal curing strengths can be pre-

dicted by boiling specimens for periods between 3 to 4 hours, 

for 7-day strengths, and 4 to 5 hours for 28-day strengths. 

So all the boiling periods required to predict the 7-day 

strengths, shown in Figures 31 through 34, were averaged. 

This average boiling period was found to be 3 hours and 40 

minutes. 
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The same procedure was done to find an average 

boiling period to predict the 28-day strengths. It was 

found to be 4 hours and 20 minutes. Accelerated strengths 

corresponding to 3 hours and 40 minutes were read off 

Figures 29 for series containing 20% cement and from Figure 

30 for series containing 30% cement. The 7-day strengths 

were replotted as a function of clay contents in Figures 41 

and 42 for series containing clay, crystal silica and 20 

and 30% cement, respectively. The 3 hours and 40 minutes 

accelerated strengths were also plotted on the same figures 

to demonstrate how far off the predicted strength values 

were from the conventionally measured ones. The + 15% limit 

from the normal curing strengths are also shown on the fig

ures. The + 15% reliability limits were chosen since most 

published papers on accelerated strength testing of concrete 

mixes showed that the predictions were usually within these 

limits (Abdun-Nur, 1978). It can be seen from Figures 41 

and 42 that all predicted strength values, except those 

corresponding to 100% clay, are well within the ± 15% limits. 

Figures 43 and 44 are similar to Figures 41 and 42 

except that they represent data for the clay-Granite sand

cement mixes. The data shown indicate that the predicted 

accelerated-curing strengths are also within + 15% of the 

7-day normal curing strengths. In a similar fashion, 
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Figure 44. Accelerated compressive strengths corresponding 
to 3 hours and 40 minutes boiling compared to 
7-day strengths normal curing; all specimens 
contain Granite sand, clay and 30% cement. 
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accelerated strengths corresponding to 4 hours and 20 min

utes were read off Figure 29 for series containinr- 20 

percent cement and off Figure 30 for series containing 30% 

cement. In Figures 45 and 46, the 28-day strengths were 

plotted against clay contents of series containing crystal 

silica and 20 and 30% cement, respectively. The predicted 

accelerated strengths (at 4 hours and 20 minutes) were also 

marked on the same figures. Again, the predicted values 

generally fall within the + 15% limits. Figures 47 and 48 

are similar to Figures 45 and 46 except that they represent 

the data for the clay-Granite sand-cement mixes. The data 

shown indicate that the predicted accelerated strengths are 

also within the + 15% of the 28-day normal curing strengths 

Although the average boiling time periods employed 

above yielded reasonably good predicted strength values for 

the 7-day and 28-day normal curing strengths, within ± 15%, 

these periods should not be used universally since, as 

reported in the literature (e.g., Noble and Plaster, 1970, 

different soils react at different rates with cement. For 

the soils used in this investigation, however, the predic

tion approach discussed above appears to be satisfactory. 

This approach, however, can be used for other soils but the 

average boiling times may be different from the ones used 

here. 
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Figure 45. Accelerated compressive strengths corresponding 
to 4 hours and 20 minutes boiling compared to 
28-day strengths normal curing; all specimens 
contain crystal silica, clay and 20% cement. 
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Figure 46. Accelerated compressive strengths corresponding 
to 4 hours and 20 minutes boiling compared to 
28-day strengths normal curing; all specimens 
contain crystal silica, clay and 30% cement. 
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Figure 47. Accelerated compressive strengths corresponding 
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B. Linear Regression Equations 

Another way of utilizing strength data is to develop 

relationships between normal curing strengths and boiling 

accelerated strengths. For the 7-day normal curing case, 

as shown, for example, in Figure 49, each 7-day strength 

'va1ue of a certain clay and cement content is paired with 

the 3-hour boiling strength of the same clay and cement 

contents and labeled as Y and x, respectively. Y is con

sidered as the dependent variable while x is the independent 

variable. The aim is thus to find the equation of the best 

fit straight line through the (x, Y) points. In each case 

to be discussed below there are 17 such· points. Along with 

the straight line equation, values of the correlation coeffi

cient (R), coefficient of determination (R2) and standard 

error of estimate (Se) are also determined in order to pro-

vide estimates on the linearity of the data and of average 

deviation of the points from the calculated regression line. 

Figure 49 shows the 7-day and 3-hour strengths. 

The calculated regression line on the figure has the equa-

tion: 

Y = 1.151 x - 7.96 (1) 

R = 0.98; R2 = 0.96; Se = 125.78 psi 

When the 7-day strengths are paired with those of 

the 4-hour boiling, as shown in Figure 50, the straight 

line is given by: 
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Y = 1.134x - 221.59 (2) 

2 R = 0.99; R = 0.98; Se = 85.06 psi 

Although the coefficients of correlation and deter

mination, Rand R2, of the above equations indicate strong 

linear relationships, Equation 2 provides lower standard 

error of estimates, Se. Furthermore, Figure 50 indicates 

that all points, except one corresponding to 15%. cement 

and 100% clay, lie on or within + 15% for the straight line. 

This suggests that better estimates of the 7-day normal 

curing strengths, for the soil-cement mixtures used in this 

investigation, are obtained by measuring the strength of 

specimens boiled for 4 hours and applying Equation 2. 

The same principles employed above for the 7-days 

normal curing strengths are applied to the 28-day normal 

curing strengths. First, the 28-day strengths are paired 

with the 3-hour boiling strengths, shown in Figure 51, and 

the following equation is obtained: 

Y = 1.09x - 228.92 (3) 

R = 0.96; R2 = 0.92; Se = 560.15 psi 

When the 28-day strengths are coupled with the 4-

hour boiling strengths, the calculated regression line, 

shown in Figure 52, is: 
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Y = 1.067x + 37.06 

2 R = 0.97; R = 0.93; Se = 153.77 psi 
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(4) 

Similarly, the best fit linear equation for the 

28-day and 5-hour boiling strengths, Figure 53, is given by: 

Y = 1.059x - 182.93 (5) 

R = 0.98; R2 = 0.95; Se = 129.9 psi 

From a comparison of Equations 3, 4 and 5, it is 

clear that although all of these equations show strong 

linear relationships, Equation 5 has the lowest standard error 

of estimate and thus provides a better relationship than the 

other two equations. Furthermore, it can be seen from the 

above three equations that by extending the boiling period 

from 3 hours to 4 hours to 5 hours, the coefficients of 

correlation and determination tend to increase, while the 

standard error of estimate decreases. This indicates that 

extending the boiling time improves the correlation. But 

based on the analysis of the strength data presented previ-

ously, it can be assumed that strength gain gets smaller 

with extended boiling time; thus it is reasonable to think 

that further boiling may not improve the correlation signi-

ficantly. Also, boiling times greater than 5 hours might 

be impractical in terms of the daily working hours. 
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Thus, to develop a relationship between the 28-day 

normal curing strengths ftnd boiling accelerated strengths, 

5 hours boiling appears to give satisfactory prediction 

results, within + 15% of the normal curing strengths. 

Neither the average boiling periods utilized in 

procedure A nor the regression equations developed in pro

cedure B should be applied to other cement-treated soils 

except those used in this investigatiotl, i.e., mixtures of 

pure kaolinite, Hydrite 10, clay, crystal silica sand and 

Granite sand. For other soils, strength tests must be 

conducted to establish an average boiling time, as in pro

cedure A, or an equation, as in procedure B, in order to 

predict the 7-day or 28-day strengths. Once the parameters 

of a prediction procedure are established, it can be ap

plied for quality control instead of waiting 7 days or 28 

days as for normally cured specimens, whenever the same 

cement-treated soils are used. It should be noted that 

procedure A is more elaborate in the sense that it requires 

boiling specimens over a range of periods to determine 

average boiling times corresponding to the 7- and 28-day 

strengths. Procedure B, however, is preferable since it 

utilizes statistical procedures by which relationships can 

be obtained. 
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Physico-Chemical Tests 

X-Ray Diffraction 

Analysis of X-ray diffraction traces of soil-cement 

mixtures is very complicated due to the poor crystallinity 

of the hydration and reaction products and proximity of 

peaks to each other. Although several peaks have been 

reported in the literature for each product, only those 

peaks that could be distinguished were used in the X-ray 

analysis of this investigation. 

Samples from the 0 series representing each cement 

content and normally cured for 7 days and 28 days were used. 

Samples with similar cement contents but boiled for 3 and 4 

hours were also used for comparison. The 3- and 4-hour 

boiled specimens were chosen since their strength values 

were approximately equivalent (except for the 3-hour boiled 

15% cement specimens), to those of the 7- and 28-day, res

pectively, as can be seen from Table 5. Peak intensities 

were measured, as explained previously in Chapter 4. 

Samples corresponding to average boiling times of 

3 hours and 40 minutes and 4 hours and 20 minutes were not 

utilized in X-ray diffraction analysis since strength values 

of the 0 series for these boiling periods, as shown in 

Figures 42 through 49, were not as close to the 7-day and 

28-day strength values as were those of 3 and 4 hours. 



Table 5. Normal and accelerated strength values of 
specimens (from the 0 series) utilized in 
X-ray diffraction analysis, in psi 
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Normal Curing Accelerated Curing 

% Cement 7 days 28 days 3 hours 4 Hours 

15 118 406 304 403 

20 366 477 376 495 

25 448 647 481 670 

30 648 864 658 810 
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Based on the linear regression analysis presented 

previously, it was recommended to boil specimens for 4 to 

5 hours in order to predict the 7-day and 28-day strengths, 

respectively. Specimens boiled for these periods, however, 

could not be utilized in the X-ray diffraction analysis 

since, for the 0 series, the 4-hour and the 5-hour strength 

values were considerably higher than those of the 7-day and 

and 28-day strength values, respectively. The accelerated 

strengths, in this case, predicted the normal strengths 

through regression equations. Peak intensities were meas

ured, as explained previously in Chapter 4. 

Identifications of hydration and reaction products 

of clay-cement samples were carried on by utilizing informa

tion reported previously in the literature. The d-spacings 

at which these products have been observed are listed in 

Table 6. Some of the X-ray reflections overlap or occur 

very close to each other, so much effort was spent on 

selecting the reflections that were reasonably distinguish

able. These selected reflections are also shown in Table 6. 

The X-ray trace for pure cement (Type 1/11) is shown 

in Figure 54. All characteristic peaks of C3S and C3A, as 

listed in Table 6, can be clearly observed on the trace. 

Figure 55 shows the X-ray trace for the clay used in this 

research, kaolinite Hydrite 10. All characteristic peaks 



Table 6. Crystallographic data of kaolinite, C3S, C
3

A, cement hydration 
and reaction products. a 

Material - - - - - - - d-Spacings (A) and Indices - - - - - - - Crystal Form Unit Cells 

Kaolinite 7.19* 4.48 4.37 4.19 3.86 3.59 3.398 6-sided flakes Triclinic, 
(001) (020) (liO) (111) (02i) (002) (111) a=5l4,.b=8.93 

c=7.37A 

Tricalcium Silicate 3.02 2.78* 2 73 2.6 2.19 1.63 Equant grains Monocli'ilic, 
(221) (009) (404) (405) (319) (40.13) (C3S) a=12.251 b=7.045! 

c=24.99 6= 90.07· 

Tricalcium Aluminate 2.7 1.91 1.56 
(C3A) (440) (008) (884) 

Ettrengite (calcium 9.73* 5.61 3.88 2.56 2.21 
aluminate trisulphate (10.0) (11.0) (11.4) (21.6) (22.6) 
hydrate) 

Tetraclacium Aluminate 7.9* 3.95 2.88 2.86 2.45 
l3-hydrate (C4AH13) (0001) (0002) - - -

Tricalcium Aluminate 2.81 2.3* 2.04 
Hexahydrate (C3AH6) (420) (521) (611) 

Calcium Hydroxide 4.!l2* 3.12 2.61 1. 927 1. 796 
Ca(OH)2 (0001) (10.0) (10.1) (10.2) (11.0) 

CSH(I) 12.5 3.07 2.8 1.83 
(001) (220) (440) (040) 

CSH(II) 9.8 3.07 2.8 1.83 

CSH-Gel 3.07* 2.8 1.83 

Prehnite 5.26 4.15* 3.53 3.46 1.68* 
(011) (102) (110) (111) (130) 

- --

a. Main references: Taylor (1964, Vol. 2); Treadwell (1966). 
* Peaks selected for intensity me~surements. 

Equant grains Cubic 
a=15.626J!. 

Hexagonal prisms Hexagonal, 
or needles with a=11. 231 
length C c=21.44 

1.66 Hexagonal plates, Hexagonal, 
- (0001) cleavage a=5.64)1. b=7. 92! 

Trapezohedra and Cubic, 
other cubic forms a=12.576A 

Hexagonal flakes, Trigonal 
(0001) cleavage 0=3.593J1. c=4.909J1. 

Crumpled foils Geometrically 
(semi-crystal- orthorhombic 
line) a=11.2o b=7.3 

c=9-l4A 

Fiber bundles Relaied to CSH(I) 
(semi-crystal- c=lO approx. 
line) 

Fibres (near-
amorphous) 

I 
-- -~--- -- -~ ------- -~-

t-' 
~ 
~ 
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Figure 54. X-ray trace of Type 1/11 portland cement. 
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of kaolinite, including the very strong7.l9 A, can be seen. 

Representative X-ray traces of normally cured and acceler

ated-cured clay-cement are shown in Appendix D. Included 

are a trace of a 30% cement sample normally cured for 7 days 

and another trace of a sample containing similar cement con

tent and boiled for 3 hours. Peaks selected for intensity 

measurements are identified on the traces shown in the 

Appendix. Some of these peaks, however, cannot be clearly 

seen on the traces due to their weak intensities and/or 

the fact that they are being shadowed by adjacent stronger 

peaks. In addition, the reduction performed on the traces 

in order for them to fit within the size of the pages 

further diminishes these peaks. However, peak counts should 

provide a good estimation of the intensities of the various 

peaks, provided the background effect is eliminated. Peak 

intensities, .expressed as counts, are shown in Table 7. 

Hydration Products. The patterns of hydration 

products in both normally cured and accelerated cured sam

ples in X-ray traces suggest that for normally cured samples 

the crystalline calcium hydroxide 4.92 A peak increased in 

intensity with increasing cement content. The peak was also 

weaker for the 28-day samples than for the 7-day samples. 

This is expected since higher cement content results in more 

hydration products and thus more Ca(OH)2' Also, the 
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decrease in Ca(OH)2 observed in the 28-day curing traces 

indicates that its consumption in the secondary reaction 

exceeded its production. Comparison of X-ray traces of 

3-hour and 4-hour boiled specimens with those of 7-day and 

28-day normal cure at the same cement content, as can be 

seen from Table 7, show that the 4.92 A Ca(OH) 2 peaks were sig

nificantly lower in the accelerated-cured samples than in the 

normally cured ones. The lower intensities of Ca(OH)2 peaks 

in the accelerated-cured samples may be explained in either 

of two ways. The first explanation is that limited hydra

tion took place, from the time of addition of water to 

boiling the specimen, and the reaction between the produced 

Ca(OH)2 and clay produced CSH gels which in addition to clay 

particles and other hydration products, encapsulated most 

of the cement grains and thus impeded further hydration. 

The second explanation is that hydration was actually pro

ceeding at such a rate that most of the Ca(OH)2 produced was 

being used up in the pozzolanic reaction. More light will 

be shed on this point when the C3S peaks are discsused. As 

in the normally cured specimens, crystalline Ca(OH)2 in 

accelerated specimens increased with increasing cement con

tent and was less in the 4-hour specimens than in the 3-hour 

specimens. Figure 56 shows the trend displayed by the 4.92 

A peak for both normally and accelerated-cured specimens, as 

discussed earlier. 
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Ettringite (calcium aluminate trisu1phate hydrate) 

(Ca3C1206·3CaS04·31H20) was observed at 9.73 A as a weak 

peak. Intensities of this peak for various cement contents 

are listed in Table 7. This peak was weaker for the 4-hour 

boiling samples than for the 3-hour at all cement contents. 

Furthermore, the peak intensities were less for the 3- and 

4-hour boiling than the 7-day and 28-day samples, respec

tively. This suggests less hydration had taken place in the 

accelerated-cured specimens than in the normally cured 

specimens. The decreased intensity of the 9.73 A peaks from 

3-hour to 4-hour samples might be due to the consumption of 

the formed ettringite in the reaction with C3A to produce 

the low-sulphate calcium aluminate hydrate (Ca 3A1 206 ·CaS04 · 

31H20). The low-sulphate calcium aluminate hydrate was not 

detected on the X-ray traces, probably because its peaks 

were too weak to be detected. 

The 7.9 A peak was selected for observing tetra

calcium aluminate 13-hydrate (C4AH13 ) since it was relatively 

stronger than other reflections attributed to this product. 

Data on this peak indicated that for normally cured samples, 

it was generally of more intensity for 7 days than 28 days. 

For accelerated-cured samples the peak intensity was gener

ally higher for 4-hour boiled specimens than 3-hour speci-

mens. 
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Tricalcium aluminate hexahydrate (C3AH6) was ob-
o 

served at 2.3 A. Data on this peak show that its intensi-

ties were practically the same for both curing procedures 

and various cement contents. 

It should be mentioned again that the intensities 

of the peaks studied for the different hydration products, 

except calcium hydroxide for normally cured specimens, range 

from weak to very weak. Therefore, emphasis was placed on 

trends of the intensities rather than on numerical values 

of the counts. 

Clay-Cement Reaction Products. Calcium silicate 

hydrate (CSH) is known to be both a hydration and a second-

dary (pozzolanic) reaction product. It is the major cement-

ing material contributing to strength. It is also known to 

exhibit a poorly crystalline structure which makes it 

difficult to identify on X-ray traces. The 3.07 A peak was 

used to identify CSH. As can be seen in Table 7, the peak's 

intensities were either very weak or immeasurable for all 

samples, which makes it inpractical to draw any specific 

conclusions from them. 

Another reaction product that was reported by Sloane 

(1964) is prehnite. Prehnite was observed on all X-ray 

traces at 4.15 A and 1.68 A. The intensities of these peaks 

for the different mixtures are generally higher for normally 

cured than for accelerated-cured samples. 
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Unhydrated Tricalcium Silicate. Tricalcium sili-

cate constitutes about 50% of the unhydrated cement. It is 

the major strength-contributing material in soil-cement or 

concrete reactions. To identify unhydrated C3S on X-ray 

traces, the 2.78 A peak was used. This peak was chosen 

because it was not screened by peaks from other materials. 

The intensities of the 2.78 A peak for the various 

samples, as listed in Table 7, were higher for accelerated

cured samples than for normally cured samples. This indi

cates that less hydration had taken place in the accelerated-

cured specimens than in the normally cured specimens. 

Strength data from the 0 series indicated that 

accelerated-cured specimens (3 and 4 hours boiling) gave 

comparable strengths to those which were normally cured 

(7 days and 28 days). But since X-ray diffraction data sug-

gested less hydration in accelerated-cured specimens, then 

another process must have taken place to boost the strength 

of the mixtures to levels comparable to those of normal 

curing in order to compensate for the retarded hydration. 

The fact that there was significantly less crystalline 

Ca(OH)2' as was discussed earlier, in the accelerated-cured 

specimens than in the normally cured specimens for the same 

cement contents suggests rapid consumption of Ca(OH)2 and 

thus more pozzolanic reaction during the accelerated curing. 



To further pursue the point made in the previous 

paragraph, samples taken from specimens containing 30% 

cement and boiled for 1 and 2 hours were X-rayed. The 
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4.92 A Ca(OH)2 peak can be seen in Figure 57a for 1 hour 

boiling and Figure 57b for 2 hours boiling. It is evident 

that the peak is stronger in the I-hour boiling case and 

the peak counts show it decreased by about 50% for the 

2-hour boiling case. Samples taken from pure cement pastes, 

of 0.3 water/cement ratio to match the water content in 

clay-cement specimens, boiled for 3 and 4 hours and X-rayed, 

showed strong 4.92 A peaks, as illustrated in Figures 57c 

and 57d. The peak counts, listed in Table 7, conformed 

with the trend observed earlier in that the peak was 

stronger for the 3-hour sample than for the 4-hour sample. 

The rapid reduction of crystalline Ca(OH)2 in clay

cement samples with boiling time confirms the hypothesis 

that strength gained by accelerated-curing was mainly due 

to the pozzolanic reaction. Furthermore, the produced gels 

accumulated and along with clay particles, encapsulated 

unhydrated cement grains. This limited or completely 

impeded further cement hydration, resulting in reduced 

supply of Ca(OH)2 needed for the pozzolanic reaction. The 

percent strength gain from 4 to 5 hours boiling, as dis

cussed earlier in the mechanical testing results, was less 
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for 4 hours. 
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than that of 3 to 4 hours boiling, which seems to confirm 

the reduced pozzolanic reaction. The concept of encapsula-

tion of cement grains was suggested by Noble (1968) for 

cement-Aberdeen montmorillonite mixtures. 

Although Ca(OH)2 has been known to react and produce 

CSH in pure cement pastes, as mentioned in Chapter 2, the 

pozzolanic reaction might be more- intensified in clay-cement 

specimens than in pastes due to the higher supply of silica 

and alumina provided by the clay. This might explain the 

stronger peaks of Ca(OH)2 for the pastes samples, although 

they were boiled for 3 and 4 hours as compared with clay-

cement samples taken from specimens boiled for the same 

periods of time. This point might also be explained by the 

fact that the pastes samples contained 100% cement and 

higher weight per X-ray sample, and thus more Ca(OH)2 should 

be expected. This can be verified by referring to Table 7 
o 

where the 4.92 A peak intensities for the pastes are sub-

stantially higher than those of the 30% cement samples. 

Also, since all samples contained similar water contents, 

the water/cement ratio for the clay-cement samples were 

probably higher than for the pastes, which means more water 

was available to hydrate the cement although portions of the 

added water might have been adsorbed to the clay particles 

and so was not utilized in the cement hydration. 
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Clay Reflections. The 7.19 A kaolinite peak was 

used to monitor any changes in the clay content. According 

to Sloane (1964), changes in the morphology of clay par

ticles are difficult to detect by X-ray diffraction, and 

these changes are usually reflected by decrease in intensity 

and broadening of the (OkO) peaks on an X-ray diffraction 

trace. For the (OkO) peak to show such features, the 

changes in morphology must be rather intensive and we11-

developed. Examination of the 4.48 A (020) peak on all 

traces does not reveal any noticeable broadening. Also, 

referring to Table 7, the7.19 A peak counts for the differ

ent samples do not show any significant decreased intensity 

from 7 days to 28 days or from 3 hours to 4 ho~rs. Actu

ally, for a certain mixture, the peak intensities might be 

considered approximately the same. The best tool to ascer

tain changes in the morphology of clay particles is the 

electron microscope. 

pH Measurements 

Two groups of 1:5 clay-cement slurries were prepared 

for pH determination. The first group included slurries of 

clay-cement specimens containing 15, 20, 25 and 30% Cement 

that had been cured at normal conditions for 7 and 28 days. 

The second group included slurries of clay-cement specimens 

as in the first group but boiled for 3 and 4 hours. As can 
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be seen from Figure 58, the measured pH values for both 

groups were always greater than 12.0 and were higher with 

increased cement contents. Also, the pH values were 

greater for the 7-day and 3-hour slurries than the 28-day 

and 4-hour, respectively, for corresponding cement contents. 

Furthermore, the pH values of the second group were always 

less than those of the first group for corresponding cement 

contents. 

From the statements made in the previous paragraph, 

it can be concluded that for both curing conditions there 

was always an alkaline environment in the mixtures. That 

alkaline environment was needed for dissolution of silica 

and alumina from clay particles in order to complete the 

pozzolanic reaction (Herzog and Mitchell, 1963). 

Electron Microscopy 

Samples taken from cement pastes normally cured for 

7 and 28 days, and accelerated-cured for 3 and 4 hours were 

examined by the scanning electron microscope to determine 

differences between samples as cured by the two procedures. 

Also, samples taken from specimens containing 30% cement 

normally cured for 7 and 28 days and accelerated-cured for 

3 and 4 hours were viewed by the scanning electron micro

scope. Selected electron micrographs, depending on features 

they show and their quality, are presented here. The viewed 
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Figure 58. Relationship between pH values and cement 
content of 1:5 slurries of samples from 
series O. -- (a) 3 hours boiling and 7 days 
normal curing; (b) 4 hours boiling and 28 
days normal curing. 



samples were taken from the central region of specimens. 

All samples were prepared according to the procedure de

scribed in Chapter 4. 
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To facilitate examination of the samples under the 

electron microscope, a sample of the cement used in preparing 

the specimens was viewed first. Figure 59a shows unhydrated 

cement grains. Also, a sample of kaolinite, Hydrite 10 is 

shown in Figure 59b, as viewed by the electron microscope. 

Cement Pastes. Electron micrographs taken of a 

sample of a cement paste normally cured for 7 days are shown 

in Figures 60a and b. Individual fibers of CSH can be seen 

on Figure 60a, at A. Clusters of CSH fibers can also be 

seen at B. Unhydrated cement grains may be seen at C. In 

Figure 60b, plates, probably Ca(OH)2' may be seen at D. 

Electron micrographs taken of a sample of a cement 

paste boiled for 3 hours are shown in Figures 6la and b. In 

Figure 6la, grains of unhdrated and/or partially hydrated 

cement can be seen throughout the figure. These grains 

appear to vary from a tiny size, as shown at A, to a larger 

size as in B. No hydration products could be identified on 

the figure. Figure 6lb shows similar features as in Figure 

6la. Individual fibers of CSH, however, may be seen at C. 

Figure 62 shows an electron micrograph of a paste 

sample, normally cured for 28 days. Fibers of CSH can be 



Figure 59. Electron micrographs of pure cement and clay. 

a. Type 1/11 portland cement (5000x). 

h. Kaolinite Hydrite 10 (5000x). 
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59a. 

59b. 



Figure 60. Electron micrographs of a 7-day normal-curing 
cement paste (SOOOx). 

a. CSH fibers at A and B and cement grains at C. 

b. Ca(OH)2 at D. 
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60a. 

60b. 



Figure 61. Electron micrographs of a 3-hour-boi1ing cement 
paste (5000x). 

a. Unhydrated and/or partially hydrated cement grains. 

b. CSH fibers at C. 
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61a. 

61b. 



Figure 62. Electron micrograph of a 28-day norma1-
curing cement paste. -- CSH fibers at 
A and an amorphous zone at B. 
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seen at A. An apparently amorphous zone may be seen at B 

surrounded by cement grains. 
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Figures 63a and b show electron micrographs of a 

cement paste boiled for 4 hours. In Figure 63a, a deterior

ated cement grain, probably due to hydration, may be seen 

at A. The white zone at B, on the same figure, may be an 

alumina hydration product. In Figures 63b, fibers may be 

seen at C, perhaps CSH. Ca(OH)2maya1so be observed at D. 

Clay-Cement. Figure 64 shows an electron micrograph 

taken of a specimen, normally cured for 7 days. Fibers of 

CSH can be seen inside the rectangle on the left-hand side 

of the micrograph. The features inside the rectangle, mag

nified 3x, can be seen on the right-hand side of the micro

graph. On the same figure Ca(OH)2 may be observed at A. 

The dark zone at B may be ettringite. Tiny hexagonal plates 

of kaolinite, Hydrite 10, may be seen at C. 

Figures 65a and b show electron micrographs taken 

of a specimen boiled for 3 hours. In Figure 6Sa aggrega

tions of clay plates can be seen at A. Ca(OH)2 may be 

observed at B. A CSH fiber may be seen at C. It may be 

noticed that clay plates, such as those at A, lost their 

edges to a greater degree than that observed at A, Figure 

64, which suggests a more intensive pozzo1anic reaction had 

taken place. In Figure 65b, fibers of CSH may be observed 

at D. At E, a plate, shown edgewise, may be Ca(OH)2' 



Figure 63. Electron micrographs of a 4-hour-boiling cement 
paste. 

a. Cement grain at A and an alumina hydration product at B. 

b. CSH at C and Ca(OH)2 at D. 
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63a. 

63b. 



Figure 64. Electron micrograph of a 7-day norma1-
curing clay-cement (5000x). -- CSH 
fibers inside the box, Ca(OH)2 at A, 
ettringite at Band Hydrite 10 at C. 
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Figure 65. Electron micrographs of a 3-hour-boiling 
clay-cement. 

a. Aggregations of clay at A, Ca(OH)2 at Band CSH fiber 
at C. 

b. Fibers of CSH at D and Ca(OH)2 at E. 
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65b. 
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Figure 66 represents an electron micrograph taken 

of a specimen normally cured for 28 days. Fibers of CSH 

may be seen at A. Aggregations of clay plates may be seen 

at B. 

Figure 67a, band c represent electron micrographs 

taken of a specimen boiled for 4 hours. In the zone at A, 

Figure 67a, aggregates of Hydrite 10 may be observed. These 

aggregates may be encapsulating a cement grain. Figure 67b 

shows interesting features. The plate at B may be tetracal

cium aluminate l3-hydrate. In Figure 67c, what seems like 

a prism at C may be ettringite. The plate at D, seen edge

wise, may be tetracalcium aluminate l3-hydrate. Fibers of 

CSH may also be seen on the same figure at E. 

Comparing the pictures of normal-cured samples 

against those of accelerated curing, it can be said that 

generally more unhydrated and/or partially hydrated cement 

may be observed in the accelerated-cure samples. This per

haps explains the rough texture that may be observed when 

viewing the accelerated-cure samples. The electron micro

scope is a powerful tool that should be utilized in study

ing soil-cement mixtures. Future work on this subject 

should include more detailed investigation using electron 

microscopy in order to obtain more representative conclusions. 



Figure 66. Electron micrograph of a 28-day normal
curing clay-cement. -- CSH fibers at A 
and aggregations of clay at B. 
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Figure 67. Electron micrographs of a 4-hour-boiling 
clay-cement. 

a. Aggregates of clay at A. 

b. Tetracalcium aluminate l3-hydrate at B. 

c. Ettringite at C, tetracalcium aluminate l3-hydrate at 
D and CSH fibers at E. 
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67a. 

67b. 
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CHAPTER 6 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

The objective of this research is to investigate the 

possibility of utilizing an accelerated curing method in 

order to estimate the 7-day and 28-day normal curing 

strengths of soil-cement mixes. The accelerated curing pro

cedure adopted was the boiling water method. The boiling 

water method used differs from that recommended by ASTM 

(Designation C684-81) for concrete mixtures in that Saran

wrapped, compacted soil-cement specimens were boiled and then 

soaked (unwrapped) in distilled water for 24 hours after a 

30-minute cooling period at room temperature. Accelerated 

strengths were compared and related to strengths of duplicate 

sets of specimens cured at 72 + 3°F and 100% relative humid

ity, i.e., at normal (conventional) conditions. 

Tests were conducted on five major series of speci

mens (labeled as 0, 1, 2, 3 and 4) according to their clay 

(kaolinite Hydrite 10) content. In the 0 series, the soil 

consisted of 100% clay with four percentages of cement (15, 

20, 25 and 30). The soil in series 1, 2, 3 and 4 consisted 

of different mixtures of clay and sand (70-30, 50-50, 30-70 

and 10-90%, respectively). Two types of sands were used in 
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duplicate set of series, 1, 2 and 3 and the various mixtures 

in these series were treated with 20 and 30% cement. In 

series 4 only, crystal silica, in addition to clay and 30% 

cement, was used. 

Conclusions 

Results of strength tests and physico-chemical 

tests led to the following conclusions: 

1. There was a substantial strength gain by accelerated 

curing. The data for the soil-cement mixtures used 

in this investigation indicated that the 7-day and 

28-day normal curing strengths could generally be 

obtained by boiling specimens for 3 to 4 and 4 to 5 

hours, respectively. For accelerated curing speci

mens, it seemed that the clay content influenced 

their strength gains. The percent strength gains 

in mest series, regardless of sand type or cement 

contents, increased with decreasing clay content 

from 100% to 70%. After that they decreased with 

decreasing clay contents although the overall 

strength values were increasing. The percent 

strength gain was lowest for Series 3 (30% clay) 

although its overall strength values were the high

est of all. The overall strengths of Series 4 (10% 

clay) dropped and were considerably lower than those 
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of Series 3 although its percent strength gain was 

higher than that of Series 3. 

2. It was also found that as boiling time increased, 

strength gain decreased. Strength gain of specimens 

containing 20% cement was higher than corresponding 

specimens containing 30% cement. 

Three factors may have contributed to produce the 

above findings. These factors were the clay, water and 

cement contents. 

Two approaches were utilized to predict the 7-day 

and 28-day normal curing strengths from the acce1erated

strength data. These approaches are: 

a. Average boiling time method. Analysis of the data 

showed that there was no unique boiling time that 

gives either the 7-day or 28-day strength of the 

different mixtures. So, average boiling times were 

estimated. It was found that boiling specimens for 

approximately 3 hours and 40 minutes predicted the 

7-day strengths within + 15% for all mixtures used 

in the investigation. Similarly, it was found that 

an average boiling ti.me of approximately 4 hour and 

20 minutes predicted the 28-day strengths within 

+ 15%. These average boiling times, however, may 

not be applicable to soils other than those used in 

this investigation. 
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b. Linear regression equations. Linear relationships 

were established between normal-curing strengths 

and accelerated-curing strengths for different boil

ing periods. Although there were strong linear 

relationships in all cases, the 4-hour boiling and 

the 5-hour boiling periods gave the best correlation 

to the 7-day and 28-day strengths, respectively. 

This method is preferable to method (a) since it 

utilizes statistical analysis. 

3. X-ray diffraction analysis on clay-cement samples 

taken from specimens cured by the two procedures 

and of comparable strengths showed that there was 

substantially less crystalline Ca(OH)2 in the accel

erated-cure samples than in the normal-cure samples 

of similar cement contents. The same set of data, 

also, showed more unhydrated C3S in the accelerated

cure samples than in the normal-cure samples. These 

observations were attributed to a rapid consumption 

of Ca(OH)2 in the pozzolanic reaction and limited 

cement hydration, in the accelerated-cure specimens 

which might be caused by accumulation of gels and 

clay particles on cement grains. 

4. The pH values of soil-cement slurries of the samples 

cured by both procedures were higher than 12.0. The 
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pH was lower for the accelerated-cure samples than 

normal-cure samples. 

5. Electron microscopy. Examination of electron micro

graphs of cement pastes and soil-cement samples, 

normal-cured and accelerated-cured, showed more 

unhydrated and/or partially hydrated cement grains 

in the accelerated-cured samples than in the normal

cured samples. This supports the idea of restricted 

cement hydration in accelerated-cured specimens, as 

discussed earlier. 

Recommendations 

The subject of soil-cement reactions is extremely 

complicated, and there are several areas in the subject that 

need to be explored in terms of accelerated curing. The 

work in this investigation must be expanded to cover a wider 

range of variables before the accelerated curing procedure 

can be utilized for practical purposes. Future work should 

involve the following: 

1. Studies on the durability characteristics of acceler

ated-cured specimens. This includes subjecting 

specimens to wet-dry and freeze-thaw cycles and 

comparing the results to those of normally cured 

specimens. 

2. Chemical analysis on accelerated-cured specimens. 

This might involve analysis of distilled water 
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leachates of soil-cement powders to determine the 

amount of easily soluble calcium in the mixtures 

and hydrochloric acid leachates of soil-cement 

powders to determine any increases or decreases in 

acid-soluble silica, alumina and ferric oxides. 

The results of the chemical analysis may then be 

compared to those of normally cured specimens. 

3. Studies of the effects of accelerated curing on 

other cement-treated clays (such as montmorillonite, 

illite, etc.), and on mixtures of various clays and 

natural soils. The results of these studies should 

be analyzed in order to establish a predictive 

criteria of the normal curing strengths either by 

finding average boiling times or by regression 

analysis. 

4. Conducting similar investigations of accelerated

cured soil-cement but using different types of cement 

and analyzing the results in terms of the differences 

in the chemical composition of the cements. 

5. Determination of the effects of additives such as 

sodium chloride to further accelerate the strength 

gain. The hydration and reaction products of the 

accelerated-cured specimens may differ from those 

of normally-cured specimens (without additive). But 
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if the normal strengths could be estimated from the 

accelerated ones, then that should not matter. 

6. Studies of the effects of compaction methods on 

accelerated strengths, since it was found that the 

compaction method affects the rate of cement hydra

tion (El-Rawi et al., 1967). 

7. Comparison of engineering properties of soil-cement 

mixtures.cured by the two procedures, such as 

permeability, flexure moduli, moduli of elasticity, 

coefficients of thermal expansion, etc. 
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ANALYSIS OF KAOLINITE HYDRITE 10 
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The following analysis is typical of hydrite kaolin

ite, as supplied by Georgia Kaolin Co., Dry Branch, Georgia. 

Chemical Properties 

Aluminum Oxide 

Silicon Dioxide 

Ignition Loss at 950°C 

Iron Oxide 

Titanium Dioxide 

Calcium Oxide 

Magnesium Oxide 

Sodium Oxide 

Potassium Oxide 

38.38 

45.30 

13.97 

0.30 

l.44 

0.05 

0.25 

0.27 

0.04 

Hydrite kaolinites are water-processed to reduce 

soluble salt contents to extremely low levels. 

Physical Constants 

Refraction Index: 1.56 

Weight per Solid Gallon: 21.66 pounds 

Bulking Value: 0.04697 gallons/pound 

Moisture: 1% maximum 

Abrasion Index: Very low. No.2 Moh's hardness 

scale. 
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ARIZONA PORTLAND CEMENT COMPANY 
A DIV'alON O~ CALI'Ol'tN'A POI'tTUND CEMINT COWPAHY 

P.O. BOX 338 

RILLITO. ARIZONA 85246 

January 8, 1982 

Mr. Bahdadi Zaki 
r.o. Box 20841 
Tucson, AZ. 85720 

The following are figures representing a typical chemical 
and physical analysis on our cement Type 1/11. 

WCW/eh 
Enc - (1) 

SiO;< 
A1 2 03 
Fe 2 03 

CaO 
MgO 
S03 
Loss on Ignition 
Na 2 0 
K2 0 
Total Alkali 
Insoluble Residue 
C3 S 
C2 S 
C3 A 
C4AF 
Blaine 
Wagner 
325 Mesh 
-7.5u 
Normal Consistency 
Vicat: Initial 
Vicat: Final 
Compo Str.--% Water 
psi -- 3-Day 
psi -- 7-Day 
psi -- 28-Day 
Autoclave 
Federal False Set 
% Air 

22.3 
3.7 
2.9 

62.4 
4.5 
2.6 
1.0 
0.10 
0.57 
0.48 
0.35 

48 
27 

5 
9 

3800 
2140 
94 
28 
23.5 
2: 10 
5:20 
48.5 
2900 
3800 
5800 

0.20 
85 

9 

Re,Pectfull:~ / ~ 

~dJUMC~ 
ANALYST 

183 



APPENDIX C 

COMPRESSIVE STRENGTH DATA 
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Table C.1. Normal curing strengths. -- (a) Series 0; 
(b) Series 1, 2, 3 and 4. 

b. 

a. 

Series 

o 

o 

o 

o 

Series % 

1 

1 

2 

2 

3 

3 

4 

C: crystal 
G: Granite 

% Cement 

15 

20 

25 

30 

Compressive Strength 
(psi) for 

Days Normal Curing 

7 Days 

118 

366 

448 

648 

28 Days 

406 

477 

647 

864 

Compressive Strength (psi) 
for Days Normal Curing 

7 Days 28 Days 

Cement C G C G 

20 635 653 708 732 

30 1,082 1,099 1,180 1,218 

20 946 1,053 1,403 1,258 

30 1,613 1,738 1,803 1,891 

20 1,232 1,398 1,525 1,660 

30 2,121 2,206 2,150 2,273 

30 1,067 1,334 

silica 
sand 
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Table C.2. Accelerated curing strengths. - - (a) Series o· , 
(b) Series 1, 2, 3 and 4. 

a. 

Compressive Strength (psi) for 
Hours Boiling 

Series % Cement 1 Vi 2 2~ 3 3~ 4 5 

0 15 0 0 0 0 304 403 480 

0 20 0 96 242 336 376 397 495 610 

0 25 0 259 375 421 481 540 670 880 

0 30 299 360 459 509 658 706 810 990 

b. 

Compressive Strength (psi) for 
Hours Boiling 

3 4 5 

Series % Cement C G C G C G 

1 20 515 556 778 814 891 988 

1 30 839 843 1,143 1,111 1,516 1,488 

2 20 899 901 1,039 1,121 1,441 1,375 

2 30 1,345 1,377 1,610 1,660 1,807 1,877 

3 20 1,105 1,114 1,226 1,270 1,579 1,512 

3 30 2,034 1,971 2,125 2,259 2,187 2,407 

4 30 799 1,040 1,240 

C: crystal silica 
G: Granite sand 
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Table C.3. Percent strength gain for normally and 
accelerated cured specimens. 

Percent Percent Percent 
Strength Strength Strength 

Gain Gain Gain 
Series % Cement 7-28 Days 3-4 Hours 4-5 Hours 

0 20 30.3 31.6 23.3 

30 33.0 23.1 22.0 

1C 20 11.5 51.0 14.5 

30 9.0 36.0 32.6 

1G 20 12.1 46.4 21.4 

30 11.0 31. 8 33.9 

2C 20 48.3 24.4 38.7 

30 12.0 19.7 12.2 

2G 20 19.5 24.4 22.7 

30 9.0 20.6 13.0 

3C 20 23.8 11.0 28.8 

30 1.4 4.5 2.9 

3G 20 18.7 14.0 19.1 

30 3.0 14.6 6.6 

4C 30 25.0 30.2 19.0 
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Figure D.l. X-ray trace of a clay-cement sample normally 
cured for 7 days and contains 30/ cement. 
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Figure D.2. X-ray trace of a clay-cement sample boiled for 
3 hours and contains 30% cement. 
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