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GLOSSARY 

To assist the non-technical reader the following glossary of common definitions, notation, acronyms 

and abbreviations found in the literature is given. 

AAR (aar) alkali-aggregate reaction 

ASTM The American Society for Testing and Materials 

bagasse waste generated from cane sugar extraction and burnt to produce a pozzolanic 

material 

BET method A method to determine the surface area of a material by measuring the amount 

of nitrogen adsorbed onto its surface. This method, when compared to the 

Blaine test, gives a better indication of the true surface area of the material. It 

is especially valuable for revealing the large internal pore structure of some 

pozzolans. The method requires much more specialized equipment than the 

Blaine apparatus. 

Blaine Test The common term for ASTM test method C204 to determine the fineness of 

powders such as cement and pozzolanas. The Blaine specification is common- 

ly stated in the units of cm2/g and may assumed to be in these units if they are 

not specifically given. 

blended cement As used in this report a blended cement is defined as an intimate mixture of 

Portand cement and pozzolan, whether the mixture is preblended in the dry 

state prior to addition of water, or whether the cement, pozzolan, water and 

aggregate are all "blended" at the mixer at the time specimens are cast. 

calcination the heating of a material under controlled conditions. Usually performed to 

increase the reactivity of a pozzolan 

chemists' notation normal notation in cement chemistry is to abbreviate the commonly found 

oxides as follows: C=CaO; S=SiO2; A=A1203; F=F.103; S=S03; H=H20; 

M=MgO; C=C02. 

CSH poorly crystallized calcium silicate hydrate. The main cementitious compound 

formed by reaction between Portland cement and water, or between a poz- 

zolan and calcium hydroxide. 

gaize (burnt) soft, porous, siliceous sedimentary rocks of the Ardennes and Meuse valleys 

of France which is calcined to produce a pozzolan [Lea;1970] 

gauging addition of the water to a cement paste, mortar or concrete 
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homra 

IDRC 

Karnak cement 

Kieselguhr 

lime 

LPC (lpc) 

moler 

OPC 

PAI 

percent replacement 

pozzolan 

pozzolime 

pumicite 

quicklime 

RHA 

Scoria 

semen merah 

surkhi 

tetin 

burnt nile clay [Hanna & Afify; 1976] 

The International Development Research Centre, Ottawa, Canada 

an Egyptian cement consisting of 75% Portland cement and 25% finely 

ground siliceous sand acting as a pozzolan 

a diatomaceous earth 

normally the term used for slaked-lime or calcium hydroxide - Ca(OH)2 

lime pozzolan cement, also called "pozzolime" 

a diatomaceous earth found in the islands west of Limfjord, Denmark 

Ordinary Portland cement 

pozzolanic activity index test. A standard test to estimate the reactivity and 

usefulness of a pozzolan. The test can be performed either with lime or 

Portland cement 

The percent of Portland cement that is replaced by a pozzolan. Thus, 30% 

replacement means a blended cement with mass proportions 70:30 OPC:poz- 

zolan 

siliceous materials which, though not cementitious in themselves, contain 

constituents which at ordinary temperatures will combine with lime in the 

presence of water to form compounds which have a low solubility and possess 

cementing properties" [Lea;1938]. A newer definition is: a siliceous or 

siliceous and aluminous material, which in itself possesses little or no cementi- 

tious value, but will, in finely divided form and in the presence of moisture, 

chemically react with calcium hydroxide at ordinary temperatures to form 

compounds possessing cementitious properties" [Mielenz; 1983] 

another name for lime pozzolan blended cement. The same as LPC or lpc 

the equivalent name to volcanic ash [Asher; 1965] 

calcium oxide, CaO - formed from the calcination of limestone - CaCO3 

rice husk ash 

porous rock of volcanic origin, often found with basalt [Soroka;1976]. 

a burnt clay pozzolan from Indonesia 

a mixture of crushed brick, with pozzolanic properties, and lime. The term 

sometimes refers just to the crushed brick [Spence;1974] . 

a volcanic ash from the Azores [Lea; 1970]. 
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tosca a fragmented volcanic ash found on Tenerife, Canary Islands [Lea; 1970] 

trass the product obtained by grinding tufaceous rocks formed by the zeolitization 

of the glassy part of primary pyroclastic materials. 

tripoli a natural micro to crypto-crystalline porous silica that is the end product of 

weathering and leaching of siliceous limestones or cherts [Mielenz; 1948]. 

water/cement ratio (abbreviated w/c). In this report w/c refers to the mass ratio of the amount of 

water to the amount of cementitious material, including any pozzolan that is 

present. 

zeolite a group of insoluble hydrated alumino-silicates of the alkalis and alkaline 

earths which have the property of exchanging some of their base constituents 

for others when immersed in salt solutions [Lea; 1970] 

OBJECTIVES 

On average the cost of building materials for a structure comprise about 50% of the total cost 

of the building; for lower income shelters this percentage could rise to as much as 80% depending 

upon the country where the construction occurs [HABITAT;1985] [Berhane; 19 87]. 

One reason for high materials cost is the common use of expensive materials such as clay 

brick, lime and cement in structures where these materials may not be necessary; the energy 

requirement to manufacture such materials can amount to over 50% of the production cost [HABI- 

TAT;1985]. The cost of Portland cement, in particular, is extremely high due to (a) energy 

requirements; (b) high transportation costs in many countries; and (c) artificial price fixing due to the 

influence of non-technical factors. For example, the price of cement in Rwanda, in 1985, was 

$280/tonne at the factory and $340/tonne transported [HABITAT; 1985]. Compare this to the price of 

cement in Canada which is in the range $110-$130/tonne. In Africa, the cost of Portland cement can 

double for every 250 km of inland transportation that is required; the use of local building materials 

averts this extra cost [Berhane;1987]. 

A second important reason which produces inflated housing costs is that materials are often 

chosen, usually for small-scale construction, whose properties far exceed that necessary for such 

construction; as a result materials costs are much greater than they need be. It is seldom, if ever, 

necessary to use a 30 MPa Portland cement concrete in the foundation of small buildings. Because 

Portland cement, in particular, has become such a pervading material, many structures are being built 
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which are much stronger and more expensive than they have to be and which are therefore unobtain- 

able to the majority of the population in developing countries. Despite the very high cost of the 

material, Portland cement is used for such low-strength applications as foundations, plaster, mortars 

and soil stabilization. It is estimated that only about 20% of the world-wide use of cement requires 

the strength of Portland cement [HABITAT; 1985]. 

One of the reasons there is a great demand for Portland cement in developing countries is 

because it has an "enormously powerful status value" [Spence;1980]. For example, imports of 

cement in developing countries rose from 30% of the total used in 1970 to 80% of the total used in 

1979 [HABITAT; 1985] while domestic production in the same period showed only a 64% increase in 

Africa and a 13.6% increase in Asia. In 1983 African countries imported Portland cement worth 

$490 million [Berhane;1987]. 

The fact that there is presently little confidence in the use of other acceptable materials on a 

large scale, day-to-day basis also encourages the use of Portland cement rather than lower cost 

materials. This is partly due to ignorance about the properties and potential performance characteris- 

tics of indigenous materials; it is hoped that the present document will help in some way to improve 

knowledge about some of the more important alternative cementitious materials available worldwide. 

"In almost every country there are opportunities.. .to produce binders or cementitious 

materials which, even though not exact substitutes for Portland cement, can serve the same function in 

construction" and which can be produced within resource limitations [HABITAT;1985]. There is a 

clear potential to bring about substantial decreases in basic materials costs. This is recognized by 

many International agencies such as the International Development Research Centre (IDRC) of 

Canada, where the broad objective of several projects presently being funded is to develop low cost 

building materials in order that more of the lower-income sector of developing countries may obtain 

adequate housing. 

In scanning through several recent project proposals funded by IDRC it can be seen that the 

primary objectives are very similar: 

Argentina [IDRC;1985] - "to develop comprehensive performance data on blast 

furnace slag and Portland cement mixes for precast components and to study the 

economic and technical feasibility of using them in low-cost housing construction in 

Argentina and other Latin American countries"; 
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Guatemala [IDRC;1985] - "to increase the accessibility of low-income families of the 

Guatemalan population to adequate housing by reducing the cost of materials used to 

make homes"; 

Bolivia [IDRC;1987] - "to develop lime-pozzolan cement (LPC) and LPC-based 

building materials for construction of low-cost housing for the poor in Bolivia"; 

Ghana [IDRC;1988] - "to carry out research activities for the realization of liveable 

and durable low-cost houses"; 

Uganda [IDRC;1988] - "to carry out research for the realization of low-cost poz- 

zolan houses in Uganda involving community participation" 

Acceptance of low-cost materials by the general population requires the generation of 

confidence that the materials being proposed can do the same job as Portland cement at much less 

cost. One of the first steps in being able to instill confidence is to provide scientific evidence for the 

claims of a new product. Research must be performed correctly, and must be sufficiently comprehen- 

sive and practical. The researchers must be able to produce written reports and brochures which 

summarize convincing research and which can be widely circulated among those who will be directly 

involved with the implementation of the technology. 

Thus, the principal objective of this report is to provide a reference document by which 

researchers and others striving to meet the above, or similar, objectives can learn by the successes 

and failures of previous work. This document is specifically aimed at helping to increase the use of 

low-cost materials in construction in developing countries and, as such, augments other reviews on 

natural pozzolans that have been published [Cook; 1986] [Mehta;1988] [Mehta;19871. It is hoped that 

knowledge of past endeavour can increase the efficiency of ongoing and future research towards the 

development of low-cost building materials or units: 

(a) that can be produced through simple means by local industry using unskilled or semi- 

skilled labour with adequate quality control; 

(b) that will meet all of the required specifications with respect to strength and durability; 

(c) that are compatible with other building units used in the production of a structure; 

(d) that are rigorously tested and proven in the laboratory and the field before being 

marketed. 
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SCOPE 

A general class of materials called pozzolans have the potential to reduce substantially the cost 

of building. These materials can be blended with lime (or Portland cement) to produce blended 

cements which can replace pure Portland cement commonly used in building materials such as 

concrete, masonry block, masonry mortar, bricks and other construction units. The energy required 

to manufacture a lime-pozzolan cement (LPC) is substantially less than that of Portland cement; in 

some cases the pozzolan requires no preparation. The cost associated with the production of LPC is 

mainly due to'the coal or oil used to produce the lime. 

As well as low cost there are substantial advantages to be gained in performance if well- 

chosen pozzolans are used in cement-based construction materials. They are found to improve 

workability of concrete, lower heat of hydration, lower thermal shrinkage, increase water tightness, 

improve sulphate resistance, improve seawater resistance, and reduce alkali-aggregate reaction. The 

disadvantages that can occur with their use is mainly the result of using an inferior pozzolan; these 

are: slower rate of strength gain, slower rate of setting, increased drying shrinkage, increased water 

requirement, lower freeze-thaw resistance [Price; 1975]. Use of poor-quality pozzolans in practice, 

with resultant failures, is a principal reason why the confidence in the use of the materials is not high. 

The scope of this document concerns the properties and use of those pozzolans that are widely 

present in developing countries and which display sufficient reactivity to enable use for low-cost 

housing. This study therefore concentrates primarily upon natural pozzolans such as volcanic ashes, 

tuffs and diatomaceous earths that require no preparation other than grinding. There is also wide- 

spread use of natural materials such as clay, shale and rice-husk ash for building in developing 

countries and, although they are required to be fired (calcined) in order to instill pozzolanicity, their 

properties and uses are also reviewed in detail. 

All pozzolanic materials when combined in some manner with lime generally show the same 

qualitative behaviour on both the fundamental and engineering levels. The differentiation between a 

good and bad pozzolan is in the quantity of improvement in engineering properties such as 

workability, strength and durability; economic considerations also play an important role in this 

differentiation. The reaction mechanism of an artificial pozzolan such as fly ash, widely found in the 

more- industrialized countries, is similar to natural materials. Where appropriate, comparisons and 

contrasts in behaviour between the "industrial pozzolans" and "indigenous pozzolans" are discussed, 

but this report is not intended to be a detailed examination of the use artificial pozzolans, such as fly 

ash and blast furnace slag, in construction. 
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Engineering properties of materials made with pozzolans is examined in detail. Strength has a 

large role in the examination as this is generally the easiest property to measure. However, in this 

report there is also a strong emphasis on the literature that deals with durability; for many practical 

uses of building materials durability is as, if not more, important than strength. A building unit such 

a block made with a natural pozzolan may have sufficient strength but may disintegrate after a few 

wetting/drying or freeze/thaw cycles, or may crack when exposed to aggressive waters containing 

sulphates or acids. 

In Part I of the report the history of the use of pozzolans is reviewed and an effort is made to 

document world-wide deposits of useful pozzolans. Clarification of the classification systems that 

have been used for pozzolans is also attempted. 

It is this authors view that the major stumbling block preventing a substantial increase in the 

use of pozzolans of all types is the failure to develop a reliable, quick test to evaluate the potential of 

a particular pozzolanic deposit. In order to develop such a test (or tests) it is necessary to understand 

the pozzolanic reaction mechanisms and those fundamental and practical factors that affect reactivity. 

Thus, in Part 2 these topics are discussed along with a review of the types of tests that have been 

proposed to determine reactivity. 

Part 3 is an examination of practical aspects of the use of pozzolans. It deals with specifica- 

tions that exist and the inadequacy of these specifications. Many examples are used to illustrate both 

the engineering properties that one might expect from the use of pozzolans and type of applications 

where pozzolans have been successfully and unsuccessfully used. Lime-pozzolan cements (lpcs) are 

the least costly of the blended cements and these are given the principal emphasis. Portland-pozzolan 

cements, however, can also produce substantially lower-cost materials and have specific applications 

in developing countries where higher strengths are required; thus, the literature on these type of 

cements is reviewed where natural or calcined pozzolans have been used. 

Part 4 is an examination of some of the technical and non-technical factors that have, and 

will, influence the utilization of pozzolans in developing countries. 

In Part 5 some opinions are given concerning the most important general research topics that 

should be pursued as soon as practicable. 

It is assumed throughout this report that the reader has a fundamental knowledge of the 

science of building materials and is familiar with the common terminology in the cement industry. If 
this is not the case, the reader should refer to the beginning of this report for a glossary of accepted 

terminology and definitions. 
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PART I: OVERVIEW OF POZZOLANIC MATERIALS 

HISTORY OF THE USE OF POZZOLANS 

Pozzolans comprised part of the cement of ancient structures in Egypt, Greece and Rome. 

There is also evidence to suggest that crushed pottery was used during the early Minoan period (3000- 

1500 B.C.) to make lime mortars [Spence & Cook;1983]. Ancient "engineers" found that the use of 

fine powders of natural material or ground pottery shards could be used to make cement, and 

subsequent buildings, with very high quality. Recent examinations have shown that cement found in 

many parts of the great Pyramids is about 4500 years old and is still in good condition; this can be 

contrasted with the modem Portland cement that has been used to repair ancient Egyptian monuments. 

This material has cracked and degraded in only about 50 years [Davidovits & Morris;1988]. 

The discovery of lime-pozzolan cements led to radical changes in construction because of the 

increased strength of the materials; arches, vaults and marine structures with sufficient durability were 

all made possible. Lime-pozzolan mortars were also used as water-proofing renderings for linings in 

baths, tanks and aqueducts [Spence & Cook; 19831. 

A concrete used to make an underground water storage tank from the ancient city of 

"Camiros" on the island of Rhodes was analyzed and found to contain a cement consisting of 

"volcanic earth" and lime. This cement in the concrete, manufactured around 400-500 B.C., 

comprised about 20% of the mass of the concrete. In ancient concrete it appears that much attention 

was paid to the aggregate gradation and the ancient concrete that was tested had a gradation very 

close to the ideal we recognize for modern concretes [Efstathiadis;1978]. 

Spectrometer measurements indicate that this ancient concrete had 500 kg of coarse aggregate, 

1000 kg of fine aggregate( 2-20 mm), 470 kg of Santorin earth and 150 kg lime. The strength of this 

material is about 12 Mpa and the elastic modulus was found to be 8 GPa. Permeability was also 

fairly low but no comparisons were given to a modern concrete. 

Figure 1 (data from [Efstathiadis;19781) shows a comparison of the proportions of this ancient 

concrete to a modem, computer-designed, normal weight concrete [Day; 1988] having a 28-day 

strength of 24 MPa. It can be seen that much less coarse aggregate was used, probably because, as 

Efstathiadis notes, the ancient Greeks tried to customize their aggregate gradation to compensate for 

the lower quality of the cement. 
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In contrast, modem Portland cements (OPCs) are so strong that customization of aggregate 

gradation is not necessary and we tend to use a lot more of the cheapest material, coarse aggregate. 

It is certain that modem. pozzolan concretes could be made much stronger (and thus allow an increase 

in the % replacement of cement) if more effort was paid to custom-grade aggregates in order to 

minimize aggregate void content. In North America, where labour costs are high, this is not likely to 

be a viable approach, since the cost saving of materials would not likely offset the extra cost in labour 

and control required to customize the gradation. In developing countries, however, it is not obvious 

that customization of aggregate gradation would lead to more expensive concrete. 

Other evidence [Davidovits; 1987] confirms that pozzolans were used at the time of the 

Greeks, because X-ray diffraction shows the presence of a zeolitic material "analcime" which ranges 

from 10 to 40% by weight in the lime:mortars; this zeolite is often found in tuffs and other poz- 

zolanic materials of Europe. 
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The term "pozzolan" came from a U.S. simplification of "pozzolana" which evolved from the 

location "Pozzuoli, Italy" where the Romans found a reactive silica-based material of volcanic origin 

which they called "pulvis puteolanus" [Davis;1950] [Spence & Cook;1831 (today both the terms 

"pozzolan" and "pozzolana" are used). 

The Roman practice for using pozzolan was to mix it with lime and rubble, add as little water 

as necessary and ram the mix into a compacted mass [Mielenz;1948]. The Romans used the red or 

purple tuff found near Naples (Pozzuoli) after it was finely ground and mixed with lime or hydraulic 

lime and sand. If pozzolanic earth was not available they used powdered tiles or pottery 

[Anon;1988] [Miles;1974]. The 42m-span dome in the Pantheon, Rome, is one of several examples 

of Roman structures, many including pozzolans, that has survived nearly 2000 years and is made 

from lime-pozzolan concrete [Spence;1980]. 

During technological developments in Greece and Rome, mortars and renderings of many of 

India's ancient buildings were being manufactured from lime-surkhi (a mixture of lime and crushed 

clay brick). From the 19th century to the present lime-surkhi is still used for canals and damworks 

because (a) it is less liable to shrink, (b) it produces a more impermeable structure, (c) the material 

can better accommodate internal stresses [Spence;1984]. 

In Northern Europe, Rhenish trass has been known for 2000 years; mortars containing trass 

have been found in Roman buildings along the Rhine. Such materials were even in use in the U.K. at 

one time - in 1909 "Potters' red cement" was manufactured consisting of ground burnt clay and 

Portland cement. The presence of bauxite has also been reported in some ancient mortars - e.g. the 

ruins at Baux in the Rhone valley; some French mortars have been made from pulverized bauxite and 

lime [Lea;1970] 

After the Roman era there does not appear to be many developments in construction practices 

until the Industrial revolution when cements were required to ensure progress and later, when 

Portland cement was discovered. In England it was not until the 17th century that imported Dutch 

trass-lime mixtures were used. Such mixtures were also extensively used in Holland for construction 

of harbours and sea defence [Miles;1974]. A common theme during this period appear to be the 

realization that pozzolans produced construction materials that had high durability to an aggressive 

marine environment. 

Contemporary use of natural pozzolans was, and still is, widespread in Europe (see next 

section). In the United States considerable investigations and uses of natural pozzolans occurred after 

their first substantial use for the Los Angeles aqueduct in 1912. In this structure 1x108 kg of 
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OPC/pozzolan cement (50 % OPC and 50% "deeply altered" rhyolite tuff) was used [Price;1975]. 

The savings due to the use of the pozzolan amounted to $700,000 and was one of the principal 

reasons why the pozzolan was used in the first place [Drury;1954]. 

Early construction under the control of the U.S. Bureau of Reclamation used pozzolans 

which, today, would be thought very poor. Nevertheless, good performance resulted. In 1915 the 

Arrowrock dam in the U.S. was constructed using a "granite" pozzolan. Although this dam had to be 

refaced in 1937 due to surface weathering, there was no problem with the interior concrete and it was 

reported to have given 60 years of distress-free service [Elfert;1973]. Other dams built at the time 

were the Lahontan Dam, 1915, using siliceous silt and the Elephant Butte dam, 1916, which used a 

ground sandstone. Typically, 55% OPC was interground with 45% of a pozzolan found near the site 

of the dam. 

Early U.S. investigations of American pozzolans showed that Portland-cement concretes made 

with pozzolans had desirable properties such as improved permeability and resistance to action by 

aggressive waters. As a result, in 1935 pozzolan was used in the Bonneville Dam and in the Friant 

Dam in 1942 [Davis;1950]. The Friant Dam marked the first use of a pumicite or first "real" 

pozzolan, while for the Davis Dam in 1950 a calcined opaline shale was used [Elfert;1973]. Use of 

pozzolan on the Friant Dam resulted in a savings of $301,000 [Drury; 1954]. 

From 1940-1973 the Bureau of Reclamation has used 360,000 tonnes of natural pozzolans in 

7.1 million cubic metres of concrete; over the same period they have used 275,000 tonnes of fly ash 

in 5.4 million cubic metres of concrete [Drury;1954]. 

It should be noted that the principal reason for the use of pozzolans by U.S. authorities was 

cost. On all of the projects involving large quantities of pozzolans were discovered close to the 

construction site; transportation costs were very small for applications in which high strengths were 

not required. For example, local Monterey shale was used for the San Francisco and Golden Gate 

bridges. In the anchorage of the Bay bridge 53,000 m3 of shale was used and the material was also 

used for the pier and fender of the Golden Gate bridge. Economy was of prime concern, but the 

pozzolan was also used because of its proven resistance to alkali soils and sulphates and its favourable 

heat generation [Price; 1975] [Meissner; 1950]. 

Early applications of pozzolan in ancient civilizations and contemporary uses in Europe, Asia 

and America have shown pozzolans to be useful materials. This potential has caused a surge of 

research about many types of pozzolanic materials for use in a multitude of applications. Much of the 



12 

remainder of this report is an attempt to distil salient aspects of this research that are relevant to the 

development of low-cost housing. 

WORLD WIDE DEPOSITS OF POZZOLANS 

Artificial pozzolans such as fly ash, blast furnace slag and silica fume are found in many 

industrialized countries. This type of pozzolan is not reviewed in this report. Instead, the pozzolans 

of most interest are the truly natural pozzolans like volcanic ashes, tuffs and diatomaceous earths, as 

well as those natural materials that may require some heat treatment in order to be reactive; into this 

category falls clays, shales and laterite soils. Bauxite waste, although derived from an industrial 

process also holds promise for low-cost construction and is also included, as is rice husk ash and 

other pozzolans derived from agricultural wastes. 

Five percent of the solid surface of the earth consists of volcanic rocks [Lorenz; 1985]. 

Figures 2 to 7 (extracted from reference [Lorenz;1985]) show the major deposits of volcanic rocks on 

6 continents; these deposits occupy a major portion of many developing countries in Central America 

(including the Caribbean), South America, Africa, Asia and Australasia are volcanic. 

Natural pozzolans can occur in two forms: either a consolidated rock-like form underlying a 

layer of overburden (such as Rhenish trass near Coblenz on the Rhine or in Bavaria, or in Rumania 

and the U.S.S.R.), or in fragmentary and unconsolidated forms, which appears to be the more usual 

type of deposit. Two examples of fragmented materials are "tosca", a volcanic ash deposit on 

Tenerife on the Canary Islands, and "tetin", a volcanic ash from the Azores. There are also 

numerous deposits in Japan and New Zealand, for example. Burnt gaize is a "soft, porous, siliceous 

sedimentary rock" found in Ardennes and Meuse valleys in France. This is usually burnt at 900°C 

and blended with OPC. This material has been used in many marine structures in French ports 

[Lea; 1970]. 

The existence of rocks of volcanic origin within a country does not automatically make them 

suitable for use as pozzolans; pozzolanic materials form from volcanic rock when fairly specific 

environmental circumstances occur (as will be described in the next section). However, it is certain 

that many countries, including developing countries, do have reactive volcanic materials. This can be 

judged by the many publications reviewed in this report that deal with the fundamental or engineering 

properties of pozzolans. 
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Figure 2 
Volcanic Deposits in North America 

Figure 3 
Volcanic Deposits in South America 
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Figure 4 
Volcanic Deposits in Europe 

Figure 5 
Volcanic Deposits in Africa 
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Figure 6 

Volcanic Deposits in Asia 

A 

Figure 7 
Volcanic Deposits in Australasia 
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In reviewing the literature for this report the author maintained a database which documents 

the type, geographical origin, oxide compositions and physical properties of pozzolans that have been 

analyzed in sufficient detail to obtain oxide compositions; this database is presented in Table I. There 

are 122 pozzolans from 32 different countries listed in this table. These countries are: Canada, 

Canary Islands, Chile, Colombia, Cuba, Dominican Republic, Ecuador, Egypt, England, Fiji, 

Finland, France, Germany, Ghana, Greece, Guatemala, Hungary, Iceland, India, Italy, Japan, 

Madagascar, Morocco, New Zealand, Rumania, Sicily, Tanzania, Trinidad, Turkey, USA, USSR, 

and Yugoslavia. Examination of Table I shows that the chemical and physical properties vary widely 

and are greatly dependent upon the type of pozzolan and its origin. Even for a particular type of 

pozzolan the chemical and physical makeup varies greatly from country to country. 

Useful pozzolanic materials are not all of volcanic origin. As Table I indicates, many 

deposits of diatomaceous earth can be found around the world. Also, rice husk ash and other types of 

ash produced from agriculture (rice straw, bagasse) are important in many developing countries. 

Clays and shales also demonstrate good pozzolanicity when calcined and ground; in general, wherever 

plastic clays suitable for pottery can be found a pozzolan can be made by calcining the clay at 

temperatures between 600 and 800°C [Stulz;1983]. There may be more countries which contain 

pozzolanic materials for which detailed scientific evaluations have not yet occurred; these countries 

may not have started the exploitation for various reasons or may not have brought the existence of 

such materials to the attention of the technical community. Following is a general description of the 

types of pozzolans found on each continent; a much more detailed description of pozzolans from 

particular locations is found in Parts II and III of the report. 

POZZOLANS IN NORTH AMERICA 

The pozzolans found in North America can be generally described as volcanic ashes, 

diatomaceous earths, and calcinable clays and shales. There is also a substantial potential for the 

manufacture of rice husk ash (RHA). 

Canada has volcanic material that has been exploited to a small extent in British Columbia and 

a source of diatomaceous earth in Nova Scotia [Chen & Suderman; 1987] [Subrahmanyam et al; 1968]. 

Comprehensive examinations of Natural pozzolans in the U.S. have been made; in one study 

538 pozzolans from 27 States were studied [U.S. Bureau of Mines;1969]. Most of these pozzolans 

were either volcanic ashes or calcinable clays and shales. 
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ref yr description location Si02 A1203 Fe203 CaO MgO Na2O Na2O K20 S03 loi 

+K20 

Lea 70 trass Bavaria 57.0 10.9 5.6 6.0 2.2 1.8 1.5 0.2 145 

Ludwig 60 trass Bavaria 19.2-25.4 4.8-8.5 2.7-45 1.3-7.8 1.2-2.1 .2 3.2-7.0 

Mielenz 51 pumicite California 74.0 13.7 1.22 0.45 1.97 359 
Chen diatomite Canada 883 0.7 0.07 0.02 0.06 11.3 

Chen volcanic ash Canada 62.4 16.2 5.4 43 2.2 3.4 3.2 22_ 

Subrahmanyam 68 zeolite Canada 54.0 22.9 0.3 0.8 13.05 8.4 

Downey 89 volcanic ash Chile 68.8 12.7 2.3 2.4 0.7 3.9 3.6 0.06 43 
Delvasto 86 volcanic ash Colombia 85.8 7.7 3.1 0.6 0 1.7 3.6 

Delvasto 86 diatomite Colombia 55.5 19.9 9.6 5.8 0 0.7 7.0 

Coutin 76 volcanic ash Cuba 65.1 10.7 1.9 3.6 0.94 0.95 1.49 14.6 

Vera 63 volcanic ash Dominica 61.2 21.1 3.1 7.5 3.6 1.1 

Vera 63 volcanic ash Dominica 57.8 21.8 3.3 8.4 3.8 15 

Lachowicz 87 volcanic ash Ecuador 59.9 15.52 5.7 5.36 3.46 4.56 2.25 

Lopez 83 volcanic ash Ecuador 73.4 14.00 0.70 1.50 0.90 2.28 1.79 

Lopez 83 volcanic ash Ecuador 55.4 14.26 7.29 2.38 0.41 4.24 4.86 

Suzanic 78 sandstone Egypt 65.5 7.32 258 2.60 2.11 0.35 2.04 15.3 

Dave 81 pumice Fiji 62.2-63.7 15.5-15.9 4.8-5.0 0.8-3.2 1.2-1.8 0.7-1.1 0-2-0.1 

Ipatti 88 peat fly ash Finland 62.0 12.5 6.4 8.0 2.2 1.7 0.46 

Baudry 72 volcanic ash France 54.65 15.9 9.65 6.5 4.1 4.25 2-2 

Charrin 56 volcanic ash France 53.3 22.7 9.8 8.3 1.8 2.1 0.3 1.9 

Hamid trass, rhenish Germany 55 17 4.1 2.8 1.4 9.0 0.3 9.0 

Kassautzki 83 zeolite Germany 55.7 20.2 2.82 4.23 1.16 5.95 4.87 355 
Lea 70 trass, Rhenish Germany 54.8 17.2 4.4 2.3 0.9 7.0 3.8 0.1 85 
Lea 70 Crass, Rhenish Germany 54.6 16.4 3.8 3.8 1.9 5.1 3.9 0.4 10.1 

Lorenz 85 pumice Germany 54-58 19-22 2-3 1-4 0.2-1 5-10 5-7 
Ludwig 60 trass, Rhenish Germany 25-35.2 9.6-15.2 2.9-4.4 1.8-3.3 .7-1.2 tr 4.6-11.8 

Price 75 trass, Rhenish Germany 54.6 16.4 4.4 3.8 1.9 9 0.4 10.1 

Subrahmanyam 68 trass Germany 54.9 19.6 3.0 3.4 1.6 4.2 4.8 83 
HABITAT 77 bauxite, calcined Ghana 14.4 48.5 30.0 0.1 3.8 

Hammond 84 bauxite waste Ghana 7.42 45.94 20.45 23.44 

Efstathiadis 78 santorin earth Greece 65-66 14.5-15 3.8-55 3-4 0.8-1.3 
Hamid santorin earth Greece 65 13 5.5 3.6 2.0 6.8 4.0 

Lea 70 santorin earth Greece 65.2 12.9 63 3.2 1.9 26 4.2 3.1 

Lea 70 santorin earth Greece 63.2 13.2 4.9 4.0 2.1 3.9 2.6 0.7 4.9 

Mehta 81 santorin earth Greece 65.1 14.5 5.5 3.0 1.1 3.9 2.6 0.7 3.5 

Price 75 santorin earth Greece 65.2 12.9 63 3.2 1.9 6.8 3.1 

Davis 88 pumice Guatemala 88.0 1.3 2.5 0.3 3.6 2,7 

Davis 88 diatomite Guatemala 80.0 1.8 2.7 0.1 6.5 7.6 

Davis 88 red earth Guatemala 67.0 6.9 4.9 6.3 9.9 145 
Davis 88 volcanic ash Guatemala 85.0 1.8 1.9 1.7 4.8 3.8 

Drzaj 78 zeolite Hungary 68.5 12.4 0.3 3.5 0.6 4.8 6.6 

Lorenz 85 pumice ITaly 71.75 1233 2.00 0.7 0.12 339 4.47 0.18 
Sersale 78 tuff, zeolitized ITaly 54.68 17.7 3.82 3.66 0.95 3.43 6.38 9.11 

Larew 76 volcanic ash Iceland 46.7 17.4 11.0 155 7.9 0.1 0.2 0.0 

Larew 76 volcanic ash Iceland 48.2 15.7 125 12.3 6.1 0.1 0.6 0.4 

Lorenz 85 pumice Iceland 64-74 13-15 2-7 13.3.7 0.4-1.2 3.2-4.8 1.7-29 

Table I: Fundamental Properties of Natural Pozzolans (1 of 3) 
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ref yr description location SiO2 A1203 Fe2O3 CaO MgO Na2O Na2O K2O S03 ioi 
+K20 

Asher 65 pumidte Idaho 64.3 9.6 0.6 1.2 0.4 5.7 8.6 71 
Dave 81 cinders India 443-74.1 13.4-29.0 3.8-18.2 05-4.7 0.1-33 tr-05 42-24.6 
Dave 81 surkhi India 402-773 8.1-263 2.2-23.0 1.8-113 3-2.9 tr-2.6 0.2-2.6 
Dave 81 fly ash India 46.0-62.2 19.1-28.2 4.2-20.0 0.6-4.7 0.2-2.0 tr-03 0.9-173 

Lea 70 volcanic ash Italy 45.2 20.0 10.7 9.8 3.8 6.2 0.3 4.1 

Lea 70 volcanic ash Italy 44.1 17.3 10.7 12.0 2.0 1.4 3.1 9.6 
Lea 70 volcanic ash Italy 48.2 21.9 9.6 7.5 3.2 4.1 0.3 53 
Lea 70 volcanic ash Italy 595 193 33 2.1 0.2 113 4.4 

Lea 70 volcanic ash Italy 55.7 19.0 4.6 5.0 1.3 3.4 3.9 4.8 

Massaza 77 volcanic ash Italy 43.27 18.83 9.63 12.03 6.54 1.61 1.10 tr 6.15 

MassTa 77 volcanic ash Italy 89.74 3.17 0.46 0.61 tr 0.17 0.27 0.81 337 
Scherillo 55 pozzolan Italy 57.4 17.9 2.5 2.0 0.4 53 6.6 0.04 

Sersale 78 tuff, zeolitized Italy 52.64 16.87 4.1 4.50 1.67 150 6.45 126 
Subrahmanyam 68 volcanic ash Italy 45.1 17.5 8.7 10.0 4.1 22 6.7 3.9 

Subrahmanyam 68 zeolite Italy 44.7 21.2 tr 1.65 453 8.04 19.6 
Subrahmanyam 68 volcanic ash Italy 57.8 18.3 2.2 3.15 0.97 4.2 8.05 3.S 

Tognon 81 pozzolana Italy 53.1 17.9 4.3 9.1 4.2 3.1 7.6 0.7 3.1 

Lorenz 85 pumice Japan 73.08 13.84 1.16 1.34 0.28 2.76 2.61 
Bauleke volcanic ash Kansas 72.3 11.8 1.7 1.0 0.3 8.0 43 
Mielenz 51 pumicite Kansas 71.4 13.1 1.80 0.27 2.22 332 

Price 75 pumicite Kansas 71.4 13.1 1.8 2.5 33 
Scherillo 49 calcined shale Kansas 72.1 15.7 4.83 1.46 1.28 0.76 2.33 0.04 1.26 

Scherillo 49 calcined clay Kansas 78.5 12.4 3.2 0.7 1.7 0.3 1.1 0.7 1.55 

Alsac 65 volcanic ash Madagascar 31.6 23.8 155 25 4.1 

Alsac 65 volcanic ash Madagascar 40.7 14.8 14.2 10.8 103 

Hilali 81 leucitite Morocco 49.9 13.4 5.2 10.6 0.5 5.6 8.9 3.1 

Hilali 81 volcanic ash, rhyolite Morocco 50.6 16.9 7.4 6.0 2.0 2.24 3.11 45 
Johnson 80 volcanic ash N. Dakota 68.9 15.1 2.6 1.4 0.14 0.07 0.11 0.08 4.7 

Jun-Yuan 85 tuff Nevada 75.0 10.0 2.71 0.32 0.2 2.13 6.74 0.03 1.67 

Lorenz 85 pumice New Mexico 74.2 125 1.62 0.44 0.17 
Doidge 57 pumicite New Zealan 87.2 4.5 2.2 0.5 0.35 5.6 

Campbell 81 volcanic ash Oregon 633 16.9 4.7 5.0 1.82 4.6 1.4 0.16 .83 

Lea 70 trass Rumania 62.5 11.6 1.8 6.6 0.7 2.9 13.9 

Tognon 81 tuff Sicily 50.5 11.7 11.6 4.9 5.2 0.9 0.2 0.2 9.9 

Allen volcanic ash Tanzania 43-50 13-20 6.5-113 2.6-7 35-5.2 2.1-3.9 
Lea 40 pumice Tanzania 57 16 4.1 16 0.4 52 4.4 

Stulz 83 volcanic ash Tanzania 40-45 15 10-15 5-10 2-5 

Marshall 67 porcetlanite Trinidad 52.4 21.9 8.13 tr 0.4 0.2 1.81 6.99 73 
Akman 87 tuff, kaolinized Turkey 68.1 14.1 2.0 
Akman 87 tuff, rhyolitic Turkey 645 18.8 4.9 

Lea 70 fly ash UK 47.4 275 10.3 2.1 20 5.7 1.8 0.9 

Spencer 74 natural cement UK 9.78 7.51 637 34.06 1.72 0.25 0.08 2.9 34.1 
Spencer 74 natural cement UK 20.6 6.89 5.94 29.6 1.64 03 0.07 279 31.65 

Davis 35 diatomite US 64.4 13.0 3.6 1.1 1.6 1.9 1.4 0.1 127 
Davis 35 pumicite US 723 133 1.4 0.7 0.4 1.6 5.4 tr 42 

Lea 70 fly ash US 44.8 18.4 112 11.6 1.1 3.1 2.0 75 

Table I: Fundamental Properties of Natural Pozzolans (2 of 3) 
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ref yr description 

Lea 70 

Lea 70 

Lea 70 

Lea 70 

Lea 70 

Price 75 

Dzhanelioze 86 

Lea 70 

Campbell 81 

Campbell 81 

Moen 81 

Drzaj 78 

Cook 84 

Hamid 
Hamid 
Hamid 
Hamid 
Hamid 
Hamid 
Hamid 

Lea 0 

Lea 70 

Lea 70 

Lea 70 

Lea 70 

Lea 70 

Lea 70 

Price 75 

Price 75 

fly ash 
tuff, rhyolitic 

pumicite 
diatomite, raw 

diatomite, calcined 
pumicite 

tuff 

tuff 

volcanic ash 

volcanic ash 

volcanic ash 

zeolite 
rice husk ash 

diatomite, calcined 

fly ash 
shale, spent oil 

pumicite 
rice husk ash 

clay, calcined 
bauxite, burnt 

gaize, raw 
moler, raw 

clay, calcined 
clay, calcined 
moler, burnt 
gaize, burnt 

shale, spent oil 
shale, puente 

gaize 

location SiO2 A1203 Fe2O3 CaO MgO Na2O Na2O K2O S03 1oi 

+K20 

US 47.1 18.2 19.2 7.0 1.1 4.0 2.8 1.2 

US 65.7 15.9 2.5 3.4 1.3 5.0 1.9 3.4 

US 72.3 13.3 1.4 0.7 0.4 1.6 5.4 4.2 

US 86.0 23 1.8 tr 0.6 0.4 8.3 

US 69.7 14.7 8.1 1.5 2.2 3.2 0.4 

US 69-74 11-15 0.6-2.1 0.6-1 0.3-0.6 5.1-7.5 4.2-5.2 

USSR 54.5 133 3.6 4.6 3.44 0.67 2 0.49 

USSR 70.1 10.7 1.0 2.5 0-3 3.7 11.7 

Washington 58.5 183 63 6.2 3.3 43 1.0 0.14 38 
Washington 64.5 16.4 4.2 4.2 1.5 4.7 1.6 0.37 2.2 

Washington 64 173 5 5 2 4.5 1.49 

Yugoslavia 68.0 13.6 0.11 1.9 1.2 33 6.6 

93.2 0.41 0.21 0.41 0.45 0.08 231 2.77 

72 15 8 1.5 2.2 3.2 7.8 

45 18 11 11.6 1.1 3.1 2.0 8.0 

52.0 22 11 4.4 1.2 3.6 2.3 3.0 

72 13 1.4 03 0.6 7.6 4.2 

86 2.5 03 1.0 1.0 23 1.5 

62.8 17 8 23 23 43 2.7 1.7 

14 49 30 0.2 0.13 1.2 3.8 

79.6 7.1 3.2 2.4 1.0 0.9 5.9 

66.7 11.4 7.8 2.2 2.1 1.4 5.6 

58.2 18.4 9.3 3.3 3.9 3.9 1.1 1.6 

60.2 17.7 7.6 2.7 2.5 4.2 2.5 1.3 

70.7 12.1 8.2 23 2.2 1.5 

88.0 6.4 33 1.2 0.8 tr 
51.7 22.4 11.2 4.3 1.1 3.6 2.1 3.2 

68-65 11-13 4-5 5-6 2-3 1.5-2.7 03 4-5 

88 6.4 33 1.23 0.8 trace 

Table I: Fundamental Properties of Natural Pozzolans (3 of 3) 
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California has a large supply of useful pumicites [Mielenz et a!;19511 [Price; 1975]. The 

Monterey formation of natural pozzolans in Western California is fairly uniform over a distance of 

350 miles and has been proven to be of very high quality. As a result, this material has been widely 

used in construction in California since the early 20th century [U.S. Dept. of Interior;1975]. In fact, 

there are several sources of natural pozzolans in California [Mielenz;1983]. 

Most proven sources of natural pozzolans in the U.S. are west of the Mississippi 

[Price;1975]. Kansas, for example, contains volcanic ash as an "imported resource" from volcanoes 

erupting in the west. The wind blown material is very fine and therefore is of good quality. 

Research has been performed on Kansas pumice [Price;1975] [Mielenz et al; 195 11 [Bauleke, 19621 and 

upon calcined clays and shales from the region [Scholer;1949]. There are also some diatomaceous 

marls in Kansas [Muilenburg et al;1962]. The estimated reserves of Kansas volcanic ash is 18 million 

tonnes [Bauleke;1962]. 

The North-Western U.S. has an abundance of volcanic-ash deposits, much of it newly 

deposited. Approximately 97x106 m3 of ash fell in Washington counties during the eruption of Mount 

St. Helens [Campbell et al;1982] [Moen & McLucas;1981]; the ash is highly variable, however, and 

it appears that only that ash that was blown far away from the eruption is acceptable for use as a 

pozzolan. There are also extensive deposits of pumice, volcanic ashes and pumicites in Oregon, most 

consisting of a dacitic magma [Heath & Brandenburg; 1953]. Pumice in Idaho has also been examined 

[Asher;1965]. Other examinations have occurred on natural materials from New Mexico 

[Lorenz; 1985], Nevada [Jun-Yuan et al;1985] and North Dakota [Johnson & Johnson; 1980]. 

East of the Mississippi there may be no volcanic materials, but there are good quality clays. 

Illinois, for example, has no natural pozzolans but in a survey of 8 clays, 4 samples had potential 

pozzolanicity if calcined at 700°C. Three of these four clays came from the extreme south of Illinois 

[White & Machin;1961]. 

In the U.S. rice hull ash production is 100,000 tonnes from 510,000 tonnes of rice hulls. The 

ash contains about 95 % amorphous silica [Hough;1956]. Some instances of the use of this material 

for construction are noted in Parts II and III, but there has been no widespread development of the 

RHA industry in the U.S. 

There is no known reference to pozzolanic materials in Mexico. 
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POZZOLANS IN CENTRAL AMERICA AND THE CARIBBEAN 

The most promising pozzolans in Central America appear to be located in Guatemala. There 

are volcanic ash and pumice deposits near Guatemala city, well situated for the potential improvement 

of the slums in the city. There are also deposits of diatomaceous earth and "red" earth deposits called 

"Saclum" [Day;1988]. 

In the Caribbean, Extensive deposits of pumice suitable for use as a pozzolan can be found on 

the island of Dominica in the West Indies. Other islands of the Lesser Antilles, such as French 

Martinique and Dutch St. Eustatius also contain pumice. The U.S. Corps of Engineers has tested this 

material and found it to have "strong pozzolanic properties" [Vera;1963]. 

Pozzolan:lime mortars have been manufactured on St. Vincent, British West Indies using the 

local volcanic ash and lime manufactured by firing St. Vincent coral [Stacey; year unknown]. 

Trinidad has deposits of porcellanite, a naturally fired clay, that can be used as a pozzolan. 

The properties are highly variable, however, and there is only one source with a sufficient quantity 

and pozzolanicity for commercial exploitation [Gaze;1974] [Marshall;1967]. 

There is also a report on the existence of various potential pozzolanic deposits in Cuba. This 

potential has been confirmed using petrography and X-ray diffraction methods, but as of 1976 no 

commercial development of the material has been reported [Coutin et al; 1976] [Alexiev et al; 19731. 

POZZOLANS IN SOUTH AMERICA 

There are only a few references in the literature to pozzolans for South American develop- 

ment. The most widespread use appears to be in Chile, where 85% of the cement produced is 

Portland-pozzolan cement, using, for the most part, a siliceous volcanic ash indigenous to the country 

[Downey & Dratva;1989]. 

A volcanic material normally used in Argentina as block material has also been found to be 

pozzolanic when ground and can be used as a pozzolan in masonry cement [De de Maio; 1987]. 

Bolivia has an unconsolidated tuff that encompasses a large region around the main city, 

LaPaz. The use of this tuff for the manufacture of different types of building materials is presently 

under examination [IDRC;1987]. 

Recently, Colombia and Ecuador have also been introduced to OPC-pozzolan cement 

[Downey & Dratva; 1989] [Delvasto; 1986] and a substantial amount of evaluation of these pozzolans 

has taken place in Ecuador [Lopez;1983] [Lachowicz;1987]. 
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Red tropical soils cover approximately 19 million km2 of the earth's surface; some of these 

soils will react with lime &/or cement to produce sufficient strength at least for soil stabilization. 

Study of this type of material has used soils from Brazil, treated with 4.5-6% lime; strengths from 

0.5-3.9 MPa were achieved. The upper level strengths may be good enough for the use of such soils 

in building materials [Nwakanma & Cabrera;1980]. There is potential for the practical use of such 

materials both in South America and other areas where red soils are widespread, such as Africa, Asia 

and Central America; the Guatemala pozzolan "Saclum" noted above in Guatemala may be related to 

this class of material. 

POZZOLANS IN EUROPE 

Europe is probably the most advanced in the use of pozzolanic materials and is where much 

research on these types of materials have been performed. The two prominent pozzolans are fine- 

grained volcanic ash found mostly in Italy and Greece, and trass found in Germany and Bavaria and 

many other countries. 

The Greeks and Romans made widespread use of pozzolans, so is not surprising that these 

materials have been researched considerably; Greek Santorin earths from the Island of Rhodes have 

been widely studied [Mehta; 1981] [Efstathiadis; 1978] [Price; 1975] [Lea; 1970] [Hamid; year 

unknown], as have Italian "pozzolans" [Subrahmanyam et al;1968] [Massazza & Costa; 1977] [Tognon 

& Ursella;1981] [Scherillo;1955] [Lorenz; 19851. 

The deposits in the Italian region are extensive and twenty four locations within Italy, Sicily 

and Sardinia have been found where hydrothermal zeolites and "zeolitized cinerites" exist 

[Sersale;1978]. Research has been performed on the Campi Flegrei deposits [D'Evasmo;1933] in 

Italy, Italian zeolitized tuff [Sersale;1978], and upon Sicilian tuff [Tognon & Ursella;1981]. 

There are several areas in the Southern portion of France where pozzolans have been 

extracted [Charrin; 1956]. The pozzolans are prominent around Cleremont-Ferrand, 70 miles west of 

Lyon in the "Puy-de-dome". Not all of these deposits are suitable for pozzolans, however [Baudry & 

Camus;1972]. 

Danish moler is a diatomaceous earth found on the islands west of Limfjord, Denmark. This 

has been used fairly extensively in Denmark and other parts of Europe [Mielenz; 1948] 

[Mather; 1968]. 

Recently the potential use of peat found in Finland has been studied [Ipatti;1988, 1989]- 

[Heikkinen;1989]. Peat in Finland occupies approximately 10% of the total peatland areas of the 
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world. Peat is fired to produce energy and a byproduct is peat ash which is produced at the rate of 

180,000 tonnes/year. In 1984, 7500 tonnes of this material were used in the cement and concrete 

industry. High quality peat ash has been found to be more reactive than coal ash. 

In The USSR there are also appreciable quantities of natural pozzolans. For example, there is 

extensive distribution of vitroclastic tuffs in the Kaspi district of Georgia, USSR, although there is no 

indication that these materials have been used as pozzolanic materials [Dzhanelioze;1986]. Research 

has, however, been performed on a tuff from the Crimea [Lea;1970]. 

Other research in Europe has concentrated upon (a) Hungarian and Yugoslavian zeolites 

[Drzaj et al;1978]; (b) German zeolites [Kassautzki;1983] [Lorenz;1985]; (c) Icelandic volcanic ashes 

[Larew;76] [Lorenz; 1985] (used to construct the National Parliament); (d) all types of Bavarian, 

Rhenish and Rumanian trasses [Ludwig & Schwiete; 1960] [Lea; 1970] [Price; 1975] [Hamid & Yagi; 

year unknown]; and (e) a British natural cement which occurs near Harkstead in Suffolk 

[Spencer; 1974]. 

POZZOLANS IN AFRICA 

It has been noted that natural pozzolans, either in a pulverized state or in compacted form, 

can be found in 6 countries in Africa: Burundi, Cameroon, Cape Verde, Ethiopia, Rwanda and 

Tanzania [HABITAT; 1985]. However, examination of the literature has also revealed that research 

exists on (a) trachytic ashes found in the Canary Islands [Robertson; 1974]; (b) volcanic ashes from 

Madagascar [Alsac & Nadeau;1965]; (c) fine grained gluconitic sandstones in Egypt [Suzanic & 

Hraste; 198 1]; and (d) rhyolitic volcanic ashes in Morocco [Hilali et al;1981]. 

The Morroccan Volcanic rocks are centred around Casablanca. Compression tests on a 80:20 

OPC:rhyolite glass pozzolan gave strengths at 180 days in the region 40-50 MPa. 

In Egypt, "Karnak" cement is being used as a blended cement with 25% OPC replaced by 

finely ground siliceous sand. The strength of concrete at 28 days is about 50% of an OPC control 

concrete [Eldarwish & Shehata; 1983]. Nevertheless, this is perhaps a recognition that modern 

cements produce too strong a concrete for many practical applications. 

Tanzania has been the site of fairly extensive scientific evaluations of this pozzolan [Stulz; 19- 

83] [Allen;1983] [Makange & Massawe;1986]. Tests indicate good strengths, even up to a 60% 

replacement level of OPC. Other test results are reported in more detail in subsequent sections. 

In countries where volcanic pozzolans do not abound, laterite soils may hold promise. _ 

Laterite soils are products of tropical or subtropical weathering of soils; the main constituents are 
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oxides of aluminium, iron and silicon and in general have no important mineral or other value. These 

soils, however, occur abundantly in all of Central America, North and Central South America, 

Central and South Africa, India, Indonesia and Northern Australia [Subrahmanyam et al;1983]. 

Another possible pozzolanic source in Africa is bauxite waste. Bauxite is mined in Ghana and 

approximately 25% of this is washed away as "red mud". 300,000 kg of red mud per day is dumped 

into large ponds where it is allowed to dry and become a potential environmental hazard. However, 

there is some research to show that bauxite waste in finely divided form will react with lime as a 

pozzolanic material. Use of this waste material is advantageous because massive piles can be a risk to 

life, it can cause air and ground-water pollution and it is not aesthetically pleasing [Nwoko & 

Hammond;1978] [Hammond;1984] [Hamid et al; year unknown] [Hammond;19771 [Gidigasu;19771. 

Three other natural materials exist in abundance in Africa which may provide a source of 

pozzolanic material. There are clays everywhere in Africa that could be used as pozzolans; there are 

also oil-spent shales in Nigeria, Gabon and the Ivory Coast that could also be used [Hammond;1983]. 

Finally, in Africa alone there are about 40 countries where rice is grown, thus making the develop- 

ment of a rice husk ash industry attractive [HABITAT; 1985]. 

POZZOLANS IN ASIA 

Research and utilization of pozzolans in India is the most widespread of all the Asian 

countries. The traditional material for use is called "surkhi" which is a mixture of crushed brick 

material and lime; surkhi in India is produced as a product of small scale brick and tile manufacturing 

industry [Spence; 19 84]. 

Research on the use of waste materials in construction has been in progress since the 1970s at 

the Building Research Institute, Roorkee, India. De et al [1980] not some types of materials in India 

that can be used to manufacture building materials: coir waste, lime sludge, fly ash, cinders, slag 

from steel plants, wood wool, sugar-cane bagasse, rice husks and sawdust. 

A considerable amount of research has been performed on surkhi but its use has always been 

plagued by the inconsistency in the quality of the material that is produced. India, however has many 

other types of pozzolans including, fuller's earth, acid volcanic rocks, clay and shale beds suitable for 

calcining and tuff beds. There are deposits scattered over all regions of India - a total of 36 deposits 

in all 5 classes of the U.S. Bureau of Reclamation classification (also called the Mielenz classification, 

see next section) has been noted [Hazra & Krishnaswamy;1960] . 
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The volcanic tuff beds that exist in N.E. India, near Calcutta, pass the Indian Standards 

Institute (ISI) standard strength up to 15% replacement level. There are estimated to be 111 million 

tonnes of this material of which 37.1 million tonnes are very good quality [Mazumdar & 

Bagchi;1969]. 

Cinders from railway locomotives and thermal power plants are not a natural pozzolan but 

have been tested for pozzolanicity [Dave;1981]. They are generally inferior in quality to other 

pozzolans but can be improved through grinding and by "activation" (by a patented process not 

revealed) to produce superior lime:pozzolan mixes. 

Other types of pozzolanic materials found in India are (with production figures in million 

tonnes/year): (1) blast furnace slag - 6; (2) fly ash - 8; (3) calcium carbonate sludge - 1.2; (4) 

lime sludge - 2.5; (5) by-product gypsum - 1.5; (6) red mud - 0.6; (7) kiln dust - 0.6; (8) rice 

husks - 15. Compare this with cement production in India which is 22.5 million tonnes/year 

[Visresvaraya; 1980]. 

In India every year, and throughout Asia, rice hulls, rice straw and bagasse (waste generated 

from cane sugar extraction) are produced in great quantity. The world production of rice is 300 

million tonnes per year; the rice yield per acre varies from 1.3-5.6 tonnes, while the rice straw left 

behind is 5 to 7 times the rice yield. World wide, 61 million tonnes of hulls are produced annually 

which occupies 600 million m3 of storage space [Cook; 1980] [Mehta & Pitt; 1976]. These materials 

are low value residues which have a low nutrient value as fertilizers and have no digestible protein, 

but which can be used to make pozzolans. 

In Japan much research has concentrated upon applications of fly ash. Nevertheless, there has 

been some work with natural pozzolans because good quality clays, volcanic ashes and weathered 

soils exist in this country. For example, an extensive sophisticated analysis has been performed 

[Takemoto & Uchikawa; 1980] on six Japanese pozzolans: (a) a Beppu white clay (hornblende 

andesite, containing opal), (b) a Higashi-Matsuyama tuff containing glass, small quantities of quartz 

and plagioclase and clay minerals with a trace of zeolites, (c) Furue shirasu - a volcanic ash/sand 

which is mainly glass with quartz, feldspar and hypersthene; (d) Tominaga-Masa soil, a sand of 

weathered granite containing feldspar, quartz, mica, kaolinite, limonite, amphibole and biotite, and (e) 

Kanto loam - a volcanic ash; (f) a pumice from Kyushu, Japan [Lorenz; 1985]. 

Some research has also been reported on the fundamental and practical properties of 

kaolinized and rhyolitic tuffs found in Turkey [Akman & Yildirim;1987] 
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Indonesia has "huge deposits" of volcanic tuff that are used for mortars for block making 

[Spence;1980]. Burnt clay pozzolans, called "semen merah", are also used in construction [Spence & 

Cook; 1983]. 

POZZOLANS IN AUSTRALASIA 

A basaltic tuff (finely comminuted iddingsite-olivine basalt) near Tully Falls, Australia has 

pozzolanic properties and, as a result, has been used in the construction of the Koombooloomba Dam. 

This was the first use in Australia of a natural pozzolana in a major construction project despite the 

fact that there is a wide distribution of volcanic activity in Eastern Australia. Deposits of 

diatomaceous earth occur to the South of Mt. Garnet, North Queensland. Bush [1960] also notes that 

a plant producing a pozzolan from diatomite is in operation in New Zealand and research data exist 

on New Zealand pozzolans [Doidge;1957]. Pumice deposits can also be found on the island of Fiji 

[Dave;1981]. 

A review of the literature leaves no doubt that the quantity of useful pozzolanic materials 

world-wide is enormous. There is virtually no country in the world that does not have, or cannot 

produce, pozzolanic materials of some form. The realization of that production depends upon several 

factors dealing with potential quality, ease of production, material variability and economics and one 

cannot automatically assume that the utilization of any particular pozzolan will be a success without 

an adequate amount of background research and planning. 

CLASSIFICATION OF POZZOLANS 

Development of classification systems for pozzolans is a precursor to the development of 

indicators of reactivity and determination of the suitability of pozzolans for various applications. As 

can be deduced from the analysis in the previous section, the term "pozzolan" encompasses an 

extremely wide range of materials; a further example of this is shown in Table II which lists some 

common volcanic materials and diatomaceous earths found around the world [Hammond;1983]. 

Several classification systems have been proposed. These systems can be placed into two 

categories: (1) systems based upon the chemistry and mineralogy of the material, and (2) systems 

based upon the reactivity or performance characteristics of the pozzolan. 
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Type of Pozzotan Origin Where found 

Phlegraean: pyroclastic and alkalitrachytic volcanic near Naples (Bacoli, 
Baia, and Pozzuoli) 

Roman: pyrocLastic and leucitic volcanic near Naples 

Santorin earth: pyrocLastic of granular isotropic volcanic Grecian isle of 

material mixed with pumice, obsidian, pyrozones, Santorin 
feldspar, quartz 

Rhenish trass: pyrocLastic alkalitrachytic, zeolitic volcanic Eifel quarries, Notte 
and metamorphic (tufaceous rock) and Brohl valleys clos 

to Neuwied and 

Andernach 

Tosca: alkalitrachytic light yellow and compact volcanic Teneriffe, Canary 

(metamorphic) (tufaceous rock, Islands 
ash) 

Trass: pyroclastic auto metamorphic or alternation of volcanic Bavaria 
hydrothermal or pneumatolytic action (tufaceous rock) 

Tetin volcanic ash Azores, Japan and New 
Zealand 

Danis Moler: pyroclastic amorphous silica volcanic Holland 
(tufaceous rock) 

French "gaize" and "tripoli": pyroclastic of amorphous Briansk 
silica 

Romanic "trass": pyroclastic of amorphous silica volcanic Rumania 
(tufaceous rock) 

Crimea "trass": pyroclastic of amorphous silica volcanic Karadagh (Crimea) 
li utic tuff 

Diatomaceous earth "Kieselguhr": infusoriat earth, siliceous California, Canada, 
white, resembles chalk skeletons of Algeria, Denmark, 

diatoms Germany 

Table II: Some pozzolans found around the world [after Hammond;1983] 

CLASSIFICATON SYSTEMS BASED UPON CHEMISTRY/MINERALOGY 

The most common classification system used today is one which the primary division of 

pozzolans is into two classes: artificial and natural. Artificial pozzolans include materials such as fly 

ash, blast furnace slag, surkhi, siliceous and opaline shales, spent oil shale (used in Sweden to make 

"gas concrete"), rice husk ash, burnt banana leaves, burnt sugar cane stalks and bauxite waste 

[Grane; 1980] [Lea; 1970]. Other potential materials, such as bagasse ash, laterite soils and red 

tropical soils which require firing to induce pozzolanicity would also presumably be classified as 

artificial pozzolans, but if calcination was not required then they would be a natural pozzolan. 
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Among the natural pozzolans are tuff, Santorin earth (volcanic ashes), trass, rhyolitic pumicite, 

diatomite, gaize and tripoli (see Table 11) [Grane; 1980]. 

The basic classification into natural and artificial has no real engineering or practical purpose. 

With respect to economy and performance it does not matter whether the source is "natural" or not. 

The artificial pozzolans as defined above include the industrial pozzolans (fly ash, blast-furnace slag) 

which are not available in suitable quantity and quality in many developing countries, along with the 

lower-grade pozzolans which may not be appropriate for developed countries but which may be more 

than satisfactory for the construction of low-cost housing (e.g. bauxite waste or laterite soils). 

The simplest classification of the natural pozzolans is into two categories [Davis;1950]: 

1. Those derived from volcanic rocks in which amorphous glass is produced from 

fusion: these include volcanic ashes (pumicites), pumice, pumice stone, obsidian, 

scoria, tuffs (Italian pozzolans and German trass) and andesites. Trass is a "light- 

coloured, silicified trachytic tuff" [Mather; 1968] 

2. Those derived from rock or earth which contain opal. The opal is formed from 

precipitation of silica from solution or from the remains of organisms. This class 

includes diatomites (diatomaceous earth, kieselguhr, tripoli), cherts, shales and clays 

containing substantial opal. 

The reactivity of these materials is primarily dependent upon the "chemical instabilities" of 

certain phases such as volcanic glass, opal, clay minerals, zeolites and hydrated oxides of aluminium 

where present [Campbell et al; 1982]. 

Within the volcanic natural pozzolans (class 1) there exist the more reactive materials, that 

contain substantial proportions of zeolites. Zeolites are formed by the action of groundwaters on 

volcanic glass. The factors which influence the zeolitization process are (a) chemical composition and 

microstructure of the sedimentary material; (b) particle size and distribution; (c) pH of the sedimen- 

tary environment; (d) ions present in solution; (e) age of deposits; (f) pressure; (g) temperature; (h) 

composition of the interstitial fluids [Sersale; 1978]. Although some acidic rocks preserve their 

volcanic glass without devitrification with time, some of the glass in the majority of these rocks has 

been altered to zeolitic materials such as chabazite and phillipsite (such as found in trass). The most 

siliceous natural zeolites (clinoptilolite, heulandite, mordenite) are the most lime-reactive 

[Robertson; 1974]. 
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Minerals present in various types of trass include: augite, apatite, titanite, biotite, hauynite, 

nosean, sodalite, magnetite, muscovite, chabazite, analcite, hematite, cristobalite, lecuite, kaolinite, 

illite, mica, hornblende [Ludwig & Schwiete;1960]. 

The type of zeolitic materials found within volcanic deposits in Italy are: heulandite, stilbite, 

chabazite, analcime, natrolite, scolecite, thomsonite, clinoptilolite, mordenite, epistilbite, ferrierite, 

dachiardite, gismondine and herschelite [Sersale;1978]. Volcanic rocks thus can be classified as 

either unaltered or altered. Unaltered rock can be used as natural stone if it exists in compacted 

form. Examples include basalt, andesite, trachyte, rhyolite and phonolite. Phonolites are also used in 

the manufacture of glass and, if they contain significant amounts of zeolites can be used as a pozzolan 

(performance is better if fired). Volcanic ashes are very fine-grained (diameter < 2mm) "ejactamenta" 

which have pozzolanic properties. The best are those with an acid-rock chemistry. Weathering can 

turn volcanic rock into loam and clay. Under certain climatic conditions laterite soils that are high in 

iron can develop over volcanic soils. Laterite weathering in certain locations (over aluminium-rich 

parent rock) can lead to the formation of bauxite [Lorenz; 1985]. 

Massazza and Costa, [Massazza & Costa; 1979], agree with this sub-classification and expand 

a little bit more. The two types of fundamental structure are: (a) an unaltered glass with round 

bubbles or "thin vacuoles" produced by gases released by magma during eruption, or (b) altered 

materials which have more complex "polyphasic structures", sometimes fine-grained. There are 

generally three types of component: (a) an active component - usually altered vitreous phases, opal 

diatomaceous earths, amorphous phases and zeolites; (b) inert components - such as well crystallized 

materials like quartz, feldspar, augite, pyroxenes, and magnetite; and (c) harmful components - such 

as organic components and clays. 

The volcanic pozzolans can contain a wide variety of mineral matter from these three 

categories. For example, for 2 Italian volcanic pozzolanas the minerals leucite, augite, analcime, 

magnetite, feldspars, clay and quartz(olivine) were found along with glass. Infrared analysis shows 

that water persists even after drying at 110°C - the more strongly held water is an indication of 

zeolitic or interlamellar water of clayey compounds [Costa & Massazza;1977]. In another study, 

petrographic examination of the pozzolans from Vesuvius show the minerals plagioclase (labradorite), 

leucite, diopsidic augite, biotite and calcite [Penta; 1934]. Crystalline materials in the pozzolan 

"Santorin Earth" consist of feldspar (anorthite, labradorite) and quartz [Mehta; 198 1]. 

In fact, in Italy, there are two main pozzolans: the Laziale group near Rome which consists of 

altered glass close to the composition of labradorite, and the Flegrean group, near Naples which has 
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non-altered glass lying close to oligoclase or between orthoclase and anorthite in composition. The 

Italian pozzolans near Vesuvius are "incoherent trachytic tuffs", while near Rome they are more 

compacted but still easily mined [Lea;1970]. 

A final example of a volcanic material is Trinidad porcellanite which appears to be a highly 

reactive pozzolan. It consists of about 35% glass and contains crystalline compounds as quartz, 

cristobalite, halloysite, goethite and haematite. Alunite is also present which accounts for the high 

non-soluble sulphate content of the material [Marshall;1967]. 

Bauxite waste is an artificial pozzolan obtained by firing the waste material from the 

manufacture of aluminium. Bauxite waste consists of about 50% alumina, 14% silica, 30% ferrite 

and if ground to a fineness of about 5000 cm2/g has pozzolanic properties. The minerals present are 

meta-kaolinite, anatase, hematite, titanium oxide, aluminium oxides and hydroxides [Hammond; 1977]. 

Calcination of bauxite-waste from Ghana results in the minerals gibbsite, boehmite and diaspore 

[Hammond; 1984]. 

Laterites and other red and yellow soils with natural pozzolanic properties would not fall into 

either category 1 or 2 above, and, according to the definition of a pozzolan (see glossary) would not 

even be classified as pozzolans. Accordingly, Hammond [1983] suggests that the basic definition of a 

pozzolan should be changed to "a siliceous, aluminous or ferrugenous material which by itself is not 

cementitious, but which under certain states of crystallinity and structure could react with lime in the 

presence of moisture at normal temperature and pressure, to yield cementitious products". 

Rice hulls, and rice straw are similar in composition and again do not easily lie in the natural 

or artificial category. These materials consist of 40-45% cellulose, 25-30% lignin, 15-20% silica and 

8-15% moisture [Mehta & Pitt;1976]. When ignited at the correct temperature an ash of almost pure 

silica is produced. 

The above review has shown that there are a wide variety of pozzolans; each is complex, and 

each consists of many different minerals. To make some sense of this apparent chaos, an attempt to 

classify pozzolans according to mineralogy has been made. The most extensive classification system 

of natural pozzolans is due to the work of Mielenz [Mielenz et al;1951]. Mielenz defines "Activity 

Types" because the chemical activity of a pozzolan is due to one or more of 5 substances which 

provides the basis for this classification system. 

Activity Type I - are volcanic glasses. Rhyolite tuffs, pumicites and dacite tuffs are found to 

be good, while andesites, basalts and basaltic tuffs are generally found to be "wholly unsatisfactory in 

quality". Trachytic tuffs and phonolitic tuffs and ashes require hydrothermal alteration to produce 
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clays and zeolitic materials in order for them to be satisfactory. Glassy lavas with a high proportion 

of acidic glass may be satisfactory, but grinding costs may turn out to be excessive. 

The reactivity of Type I materials is due to the volcanic glass which has a refractive index 

between 1.490 and 1.507. The constitution of all volcanic ashes and tuffs can be broken down into 

(a) volcanic glass; (b) non-reactive material; (c) opals, clays or zeolites that are also pozzolanic. As a 

general guideline, if none of type (c) is present then the glass component should be at least 60% of 

the total for satisfactory pozzolanicity and must by 90% or more if alkali-aggregate reaction is to be 

controlled. The pozzolanic activity of Type I is 64-131 % of the control at 90 days. 

Activity Type II - consists of diatomaceous earths and cherts. The activity is due to the 

presence of opal. These are the most active pozzolans but have the disadvantage of a high water 

demand which makes their use impractical in some circumstances. For example, such pozzolans may 

cause problems with excessive deformation if used in wetting/drying environments. The surface area 

of these materials is normally in the region 17000-45000 cm2/g. Compressive strengths at 90 days 

are 64-112% of control. These pozzolans benefit from calcination in the temperature range 760- 

1000°C. They give good sulphate resistance and are effective against alkali-aggregate reaction if 

sufficient pozzolan can be used in the mix (excessive water demand may prevent this). Opaline 

shales, cherts and porcellanites are examples of this type of material. 

Activity Type III - encompasses a wide variety of different types of clay that must be 

calcined at temperatures > 540°C in order to have sufficient reactivity and satisfactory water 

requirement. They must also be ground. Montmorillonite-type clays with Na as the exchange ion are 

especially effective against aar attack. Calcined kaolinite clays greatly increase sulphate resistance. 

Clays are usually classified by the mineral which is present in most abundance, e.g. kaolinitic, 

montmorillonitic, illitic, etc. [Forrester; 1974]. Thus, Mielenz defines sub-classifications as (a) 

kaolinite-type clays; (b) montmorillonite-type clays (e.g. bentonitic clays, Fullers earth, beidellite); 

(c) illite-type clays; (d) mixed clays with altered vermiculite (glacial clays and silts); (e) plagygorskite 

{attapulgus clay). 

Activity Type IV - are the zeolites such as clinoptilolite, ptilolite, analcite often found in 

rhyolitic tuff deposits. Their activity is improved by calcination. Some zeolites may release Na and 

K and therefore should not be used with an aggregate susceptible to aar. 

Activity Type V - are hydrated oxides of aluminium, i.e. bauxites and bauxite waste. 
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Mielenz also defines a sixth activity type which encompasses unreactive materials such as 

crystalline quartz, feldspars, carbonates, amphiboles, pyroxenes, micas, etc. Under some circum- 

stances calcination could induce pozzolanicity in these materials but normally such effort does not 

prove worthwhile. 

The Bureau of Reclamation [Everett; 1967] developed its classification system according to 

mineralogical composition, with reference to the active minerals of silica, alumina and iron oxide in 

the material. This system is based upon the work of Mielenz and is shown in Table III. 

One other classification system worthy of mention is that of Sersale ([Sersale; 19801, reported 

in [Spence & Cook; 1983]) who characterized pozzolans into five categories: 

(a) natural sialic - unaltered pozzolans; 

(b) natural, siliceous mixed - digenetic lithoid tuffs, clay; 

(c) artificial, traditional - burnt clay, shales; 

(d) artificial, non-traditional - fly ash, plant ash. 

CLASSIFICATION SYSTEMS BASED UPON PERFORMANCE 

A suitable classification system based upon performance requires a large database. An 

exhaustive examination of 530 samples of American natural pozzolans has been performed [U.S. 

Bureau of Mines;1969]. Petrographic examination and ASTM physical test methods were made and 

each pozzolan was placed into a class depending upon the physical response; this classification system 

is given in Table IV. Overall performance is based upon the results of 4 tests: strength (pozzolanic 

activity), workability (water requirement), serviceability (shrinkage) and durability (aar attack). The 

present author has attempted to condense all of the data presented by the U.S. Bureau of Mines 

[1969] in Table V. Each entry in the table is the number of pozzolans from a particular U.S. state 

which meet the specification on the left of the table. In total, it can be seen that of the 530 natural 

pozzolans that were examined 292 were eliminated by the Bureau after preliminary petrographic 

examination. Very few (14) of the pozzolans required no preparation whatsoever, and there were 

only 18 pozzolans with a perfect score of 4 (class 1 in each of the 4 physical requirements shown in 

Table N. 
This is the type of performance classification system that may eventually win out over the 

chemistry/mineralogy type of systems, as it appears to be more practical. The criteria for each class 

could vary from country to country, but the basic elements of the system addressed in Table N (i.e., 

strength, workability, deformation and durability) are all elements that are essential if good pozzolan- 
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Class Name Examples and Notes 

1 Volcanic glass Amorphous silica and aluminum 
glasses contained in rocks such as 
pumice, pumicites, pumice stone, 
obsidian, scoria, tuff, andesite 
(when amorphous silica>crystalline 
silica) 

2. Opal Amorphous hydrous silica containing 
up to 10% water. Opal forms in an 
environment where dissolved silica 
is deposited from solutions at low 
temperatures. Example rocks are 
tuffs, opaline shales and 
diatomacious earth 

Clay minerals -- must be calcined at 530-980°C, to a 
temperature where the clay lattice collapses and "an amorphous 
siliceous and aluminous substance possessing increased 
pozzolanic properties" forms. 

3.a Kaolinite type Kaolinite, dickite, nacrite. 

3.b Montmorillonite Montmorillonite, beidellite, 
type nontronite, hectorite, saponite, 

bentonite 

3.c Illite type Illite, glauconite. These are 
transitional minerals between 
montmorillonite and muscovite and 
biotite micas. Calcined above 
980°C 

3.d Mixed clays with Vermiculite is a hydrous silicate 
altered formed by alteration of biotite 
vermiculite mica and is normally found mixed 

with various clays. 

3.e Palygorskite A magnesium rich hydrated silicate 
(Attapulgite) of aluminium. To be calcined 

between 700-815°C 

4 Zeolites Hydrous silicates of Al with Na and 
Ca as important bases. Zeolites 
require close calcination control. 

5. Hydrated This group is principally bauxite 
Aluminium Oxides and bauxite waste calcined between 

200 and 500°C 

Table III: Summary of Activity Type Classification 
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Class Pozz. 
Activity 
Index with 

OPC, % 

Water 
requirement % 

Drying 
shrinkage % 

AAR, % 
improvement 
with respect 
to control 

1 >80 <112 <0.03 >75 

2 75-80 112-115 0.03-0.037 65-75 

3 70-75 115-118 0.037-0.045 55-65 

4 <70 >118 >0.045 <55 

Table IV: Performance Classification System [after Bureau of Mines; 1969] 

based building elements are to be produced. 

Hammond [1983] notes a more simplified classification according to strength (activity) of 

mortars after curing for 8 days at 50°C. This is the Indian classification: 

Activity Strength (MPa) 

very inactive < 1.4 

inactive 1.4-2.8 

poor activity 2.8-4.1 

intermediate 4.1-5.5 

active 5.5-6.9 

very active > 6.9 

The ASTM has a similar classification 

poor or inactive < 2.6 

intermediate 2.6-5.6 

active > 7 

Finally, Mehta [1983;1989] classifies pozzolans according to their degree of reactivity as 

shown in Table VI. 
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Class Description Example 

I Cementitious granulated blast- 
furnace slag 

II Cementious: high-Ca fly ash 
Pozzolanic 

III Highly active silica fume 
pozzolans rice husk ash 

(Mehta-Pitt 
process) 

IV Normal pozzolans low-Ca fly ash 

V Weak pozzolans slow-cooled bfs 
field-burnt rice- 

husk ash 

Table VI: Mehta's Classification, 1983, 1989 

CLASSIFICATION BASED UPON ECONOMY OF PRODUCTION 

The practitioner in developing countries has little concern whether a particular pozzolan is 

natural or artificial, or whether one pozzolan is more or less reactive than another, or what is the 

geological or mineralogical origin of a pozzolan. 

The practitioner/client/owner requires two things of the pozzolan: (a) that it is good enough to 

pass national standard requirements, and (b) that the use of the pozzolan will result in a reduced 

overall cost of construction when compared to traditional materials (such as Portland cement). 

There are other reports that deal with economy and energy requirements for the manufacture 

of different materials, but Table VII (extracted from [Hammond; 19831) will suffice to illustrate that 

there is a huge range of energy requirements for different materials. The manufacture of rice husk 

ash, for example, could be 30-50% cheaper than to produce conventional cement. The capital 

investment is also much smaller, being $20/tonne for RHA vs. $199-$120 per tonne for opc. 

Advantage can also be taken of the calorific value of rice husks (approximately 1/2 of coal) to use this 

energy for electricity generation, ash drying, etc. [Cook;1980]. 

The extent of savings must necessarily be a function of national influences such as the subsidy 

policy and government taxes. Nevertheless, a classification system based upon potential economic 

savings could prove worthwhile. 
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Material Total energy required 
kJ/kg of material 

Portland cement 372 

lime 173 

hydrated lime 142 

burnt clay pozzolan 68 

rice husk ash 12 

surkhi (burnt brick) 12 

fly ash 0 

Table VII: Energy Requirements for Various Materials Production 

The author suggests an alternative, more engineering/practical biased classification system that 

classifies the pozzolans based upon the amount of energy input required to process the in situ 

pozzolanic material into a useable and useful pozzolan. One simple basis for such a classification 

system might be, for example: 

1. MATERIALS WITH NO PROCESSING ENERGY REQUIREMENTS OTHER 

THAN BLENDING 

- fine-grained natural volcanic ash 

- fly ash 

2. MATERIALS THAT REQUIRE SIGNIFICANT ENERGY INPUT FOR PROCESS- 

ING 

(a) mining energy (e.g. German trass) 

(b) calcining energy (e.g clays and shales) 

(c) grinding energy (e.g tuffs, surkhi) 

Such a classification system could be used in conjunction with a performance classification 

such as the Bureau of Mines system noted above [U.S. Bureau of Mines; 1969] to produce an overall 

classification that could be regularly used by practitioners, developers and engineers alike. 
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PART II: REACTIVITY OF POZZOLANS 

Part II is intended to provide an overview of the pozzolanic reaction and the effects of 

reactivity on the engineering properties of lime-pozzolan and cement-pozzolan based materials. 

General details of the pozzolanic reaction are discussed, as are the major factors which affect 

reactivity. This leads in to a review of test methods that have been proposed to measure and/or 

predict the reactivity and usefulness of pozzolans. The last major section addresses common methods 

that are available to improve reactivity. 

The following is not an exhaustive examination of pozzolanic reaction mechanisms; such 

details have already been adequately handled by many others (e.g. [Helmuth;1987], [Cook;19861, 

[Lea;1970] [Malquori;1960]). 

The "official" definition of a pozzolan can be found in ASTM Specification C618-89: 

pozzolans are "siliceous or siliceous and aluminous materials which in themselves contain little or no 

cementitious value but will, in finely divided form and in the presence of moisture, chemically react 

with calcium hydroxide at ordinary temperatures to form compounds possessing cementitious 

properties". As indicated in part I, however, the definition is lacking in that it does not encompass all 

pozzolanic materials that can serve a useful purpose in building construction worldwide. The 

American Standards are specifically written for American construction practices and not for construc- 

tion practices in developing countries. 

According to ASTM, natural pozzolans can be used as an admixture in Portland cement 

concrete if they demonstrate specific chemical and physical requirements as shown in Table VIII. 

Many of these requirements place inappropriate restrictions upon some types of pozzolan which have 

been shown to provide adequate performance in low-cost construction. In particular, it is well known 

that rozzolans which demonstrate a pozzolanic activity index (PAI) with lime less than 5.5 MPa can 

be used to produce building materials with acceptable strength and durability 

THE HYDRATION/REACTION PROCESS 

REACTION PRODUCTS 

The most important reaction of the siliceous pozzolans is between reactive silica, lime and 

water to produce calcium silicate hydrate [Helmuth;1987]. The calcium silicate hydrate (CSH) is 

similar to that formed during hydration of Portland cement in that it is a poorly crystalline material 



39 

SiO2 + A1203 + Fe2O3i minimum % 70.0 

SO3i maximum % 4.0 

Moisture content, maximum, % 3.0 

Loss on ignition, maximum, % 10.0 

Amount retained, wet-sieve on 45µm sieve, maximum, % 34 

Pozzolanic activity index, Portland cement, 
at 28 days, minimum % of control 

75 

Pozzolanic activity index, with lime, minimum MPa 5.5 

Water requirement, maximum, % of control 115 

Autoclave expansion or contraction, maximum, % 0.8 

Specific gravity, maximum variation from average, % 5 

Percent retained on 45µm sieve, maximum variation, 
percentage points from average 

5 

OPTIONAL REQUIREMENTS 

Increase of drying shrinkage of mortar bars 
at 28 days, maximum % 

0.03 

Reduction of mortar expansion at 14 days in alkali 
expansion test, minimum % 

75 

Mortar expansion at 14 days in alkali expansion test 
maximum % 

0.020 

Table VIII: ASTM C618-89 Requirements for a Type N Pozzolan for Use as a Mineral Admixture in 
Portland Cement Concrete 

whose composition appears to vary with time after the start of hydration. As well as CSH, other 

important hydration products may include carboaluminate hydrate {C3A.CC.H12 C4AH131 solid 

solution) and other calcium aluminate hydrates such as hydrogarnet {C2AH8} [Takemoto & 
Uchikawa;1980] 

Calcium silicate hydrate has a variable composition. In examining the reaction products 

obtained from 8 Italian pozzolans, Massazza & Costa [1977] found that after 90 days the reaction 

1 see glossary for chemists' notation 
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products had a C/S ratio between 1.20 and 1.68 and an H/S ratio between 1.67 and 2.61. The water 

content of the hydration products general decreased with the time of hydration. 

Over 80% of the lime reaction with trass has been shown to occur because of the glass phase. 

However, the amount of glass does not necessarily determine the pozzolanicity; although Bavarian 

trass has a higher glass content than Rhenish trass, the Rhenish trass is more pozzolanic because the 

glass has higher reactivity. The same hydrates form in the trass-lime-gypsum system as in the OPC- 

water system, namely: CH, C3S aq, C4AH13, C6AS3H32, C4ASH12 [Ludwig & Schwiete;1960]. 

Many volcanic materials owe their reactivity not just to the presence of glass (formed during 

rapid cooling) but also to the presence of altered zeolitic compounds. Such zeolites have the form 

(R2Ca)O.Al203.4SiO2.xH2O (i.e. hydrated alkali alumino-silicates). Examples are analcite, chabazite, 

herschellite and phillipsite [Lea; 1970]. Trass is an example of such a pozzolan that has undergone 

significant chemical alteration after deposition to produce zeolitic compounds that are highly reactive. 

This alteration is due to the action of superheated steam and carbon dioxide below the earth's crust. 

A similar effect can be reproduced in the lab by hydrothermal treatment between 200-400°C in 1%0 or 

more alkali hydroxide. 

In another study [Sersale & Orsini;1968], the reaction phases between lime and natural 

glasses, zeolites and volcanic tuffs were examined (one of the zeolites was a Nova Scotian analcite). 

The stable compounds formed in the reaction were a tobermorite-like CSH, gehlenite (C2ASH3), and 

tetracalcium aluminate hydrate or the corresponding carboaluminate. C4AH13 formation was favoured 

when alumina poor glasses were hydrated. In some reactions grossularite-tricalcium aluminate 

hexahydrate compound (C3AS3 C3AH6) was also found. 

The calcium silicate hydrates have been referred to as "tobermorite-related" phases because 

they are similar to the mineral "tobermorite" found in nature; however, beyond verbal descriptions of 

the reactions products it must be remembered that these products are very ill-defined and their nature 

depends greatly upon the composition of the pozzolan that is reacting [Jambor; 1963]. 

As mentioned, the glass component of the pozzolan is primarily responsible for the strength- 

improvement potential and long-term properties of building materials. There are two types of glass 

that can exist in a pozzolan (1) a silicate glass modified by Al and Fe most pozzolans contain this 

type of glass; (2) a Ca, Mg or Al substituted silicate glass that is more reactive [Mehta; 1983] 

[Mehta; 1989]. This second structure of the glass phase (found in slags and high-calcium fly ash) is 

related to the mineral "melilite", while the first type of glass is related to alpha-cristobalite, [Uchikawa 

et a];1987] 
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The degree of disorder of a glass can be determined by observation of X-ray diffraction 

traces. Both Diamond [1983], and McCarthy et al [1984] show that there is a distinct change in the 

position of the diffuse hump that occurs in X-ray traces, as a function of the analytical CaO content of 

the pozzolan. Hemmings & Berry [1988] show that the shift in the position of the peak is due to the 

increasing content of cation modifiers in the same alumino-silicate glass. The magnitude of the shift 

is from about 25°20 at 0% CaO (low-reactivity glass) to 30-31°20 at 25-30% CaO content (Cu-Ka 

radiation). If a sophisticated analytical method such as X-ray diffraction is available, this may be one 

method by which the potential reactivity of the glass portion of a pozzolan can be determined. 

The fundamental nature of the silicate in hydrating cement-pozzolan blends was examined by 

Uchikawa et al [Uchikawa et al;1987]. It was found that with hydration, the monomer silicate 

continually declines while the dimer, linear trimer and especially the polysilicate rise substantially as 

hydration proceeds. In the very reactive pozzolans, such as rice husk ash the silicates are present as 

polymers only - there are no monomer, dimer or trimer silicates present. 

The rate of pozzolanic reaction shortly after contact with water ("gauging") depends to a great 

extent upon the minor minerals present; the long-term rate of reaction depends more upon the nature 

of the bulk glassy material. It is fair to say that the majority of pozzolans, both artificial and 

natural, do not start to contribute to improvement of engineering properties until 7 to 14 days after 

casting. On the other hand, careful experimentation shows that some pozzolans start to chemically 

react very shortly after gauging. For example, the pozzolanic reaction of 5 Japanese pozzolans has 

been shown to begin after only 1-3 days, as shown by the decrease in calcium hydroxide content 

[Ogawa et a);1980]. This is caused by the absorption of Ca" ion by the pozzolan which depresses 

the calcium ion concentration in solution. The presence of a pozzolan accelerates the hydration of 

C3S (this acceleration process has been confirmed by others [Takemoto & Uchikawa; 1980]). The 

hydrates are seen to form a zonal structure surrounding the CS grains. The normally accepted 

Powers' osmotic-pressure model appears to be the main mechanism of hydration 

In any event, even though the initial reaction starts quickly, the degree of hydration of various 

Japanese pozzolans at 180 days varies widely from only 15 % to 45 % [Uchikawa & Furuta;19811. It 

would appear that, like cement, a major proportion of a pozzolan does not take part in chemical 

reaction, thus initiating the idea that some of the beneficial effect of a pozzolan may be its action as a 

void filler rather than a producer of CSH [Davis et al;1935]. 

The products of reaction between C3S and RHA initially have a Ca/Si ratio of 0.1-0.2, but 

this is later replaced by one with a Ca/Si ratio of 1.3. The proportion of Si present as polymeric ions 
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is greater in the RHA/C3S paste than in the pure C3S or in a C3S/fly ash paste. CSH is of very low 

crystallinity. RHA reacts very rapidly and 52% of the silica has been consumed by 28 days. 

Compare this to a good quality Class C fly ash which has 20% of the silica reacted at 28 days under 

similar conditions. RHA takes up the lime almost as fast as it is produced by the cement [Khan et 

al;1985]. 

THE ROLE OF MINOR COMPOUNDS 

Calcium aluminates in the pozzolan can play an important role in the reaction process and, if 

gypsum is present in the system, cementitious products in the form of calcium aluminate hydrate, 

gehlenite hydrate, ettringite and calcium monsulphoaluminate hydrate will form. Calcium carbo- 

aluminate hydrates have also been detected in the reaction. 

The calcium aluminates can be provided either by Portland cement, if used, or by the 

pozzolan itself. For example, differential thermal analysis of pozzolana-lime pastes, cured at 38°C 

for 1-6 months, shows reaction products consisting of (a) poorly crystallized CSH, (b) hydrogarnet, 

(c) tetracalcium aluminate hydrate containing CO., and (d) Stratling's compound (C2ASHo) 

[Benton, 19621. 

In some pozzolans, such as bauxite waste, aluminates play the major role in determining 

reactivity. Aluminas such as gibbsite A1203.3H20 can have pozzolanic properties if calcined at 

1000°C. Gibbsite converts between 210-380°C to boehmite (A1203.H20) and then to ry-alumina at 

425°C and finally to 0-alumina at 1000°C. Alumina acts jointly with silica contained in the material 

to form cementitious compounds with calcium. Without available silica the alumina is ineffective as a 

pozzolan [Ramaley, year unknown]. 

The research that has been reported concerning the importance of the calcium aluminates to 

the reaction process clearly illustrates our lack of certainty concerning the details of this process. For 

example, in one study, where pozzolan-Portland cement blends have been used, it has been found that 

the pozzolan, as well as gypsum and calcium hydroxide, all tend to retard the rapid hydration of C3A 

in the Portland cement [Collepardi et al;1978]. In another study, [Uchikawa & Uchida; 1980], the 

rate of initial hydration of C3A was reported to generally accelerate with the addition of pozzolan. In 

the pozzolan-C3A-gypsum system the initial hydration of C3A and formation of ettringite and mono- 

sulphate hydrate were all shown to accelerate regardless of the presence of CH. However, in the 

pozzolan-C3A system only, initial hydration and formation of calcium aluminate hydrate was retarded. 
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In this system calcium hydroxide acts as a further retarder. There was no essential difference in the 

kind of hydrate formed whether the pozzolan was present or not. 

Inconsistent behaviour is also reported in an analysis of the addition of two Italian pozzolans 

to the C,AF-H20 system, with or without lime and gypsum [Mielenz;1985]; some significant changes 

that depend on the type of pozzolan were observed. One pozzolan (volcanic ash) accelerated the 

transformation of hexagonal hydrate to cubic hydrate, while the second pozzolan (a diatomaceous 

earth) retarded this transformation. In the C,AF-gypsum system both pozzolans retarded ettringite 

formation and its transformation to monosulphoaluminate, while in the C,AF-lime-gypsum system the 

volcanic ash promoted monosulphoaluminate formation while the diatomaceous earth completely 

inhibited the formation of monosulphoaluminate. 

Such inconsistent behaviour emphasizes the futility of attempts to predict engineering 

behaviour based upon fundamental properties of pozzolans and fundamental aspects of the hydration 

mechanism, although it is important to understand the hydration process for more fundamentally 

aimed research such as the development of activators to accelerate the pozzolanic reaction. 

The importance of the minerals that are present in small proportions has not been clearly 

determined. Although any siliceous material, if fine enough, will react with lime, the other 

impurities, especially aluminates and alkalis may play a critical role in determining the rate and extent 

of reaction [Davis;1950]. The nature of the gases liberated during the solidification of the pozzolans 

at the time of volcanic eruption may play a key role in determining the amount and nature of these 

"impurities", and thus the reactivity of the material. The presence of alkali and alkaline earth cations 

may affect reactivity because they influence the degree of condensation of the Si-O and Al-O poly- 

hedra in the glass structure of the pozzolan. The alkali cations favour a more open (more disordered) 

and probably more reactive structure [Turriziani & Schippa; 1964]. 

MONITORING THE REACTION PROCESS 

There have been many types of tests proposed which assess reactivity by monitoring the 

reaction process of pozzolan-lime (pozzolime) or Portland-pozzolan pastes with time. Since the 

pozzolanic reaction removes free lime from these systems, by far the easiest way to track the reaction 

process is to monitor the amount of free calcium hydroxide (CH). In the Portland-pozzolan system 

interpretation of test results is more complex because the Portland cement contributes CH during 

reaction while the pozzolan removes it. 
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At any time after the start of hydration the free lime content can be determined by chemical 

extraction (the Franke method)' and thus the reacted lime content can be determined by difference. 

If desired, the amount of reacted pozzolan can also be determined by dissolution of the sample in 

chlorosalicylic acid [Costa & Massazza;1981] (in this acid everything but unreacted pozzolan is 

dissolved - the test is attributed to Takemoto & Uchikawa,1980). 

If carefully performed, chemical determination of lime content can yield useful fundamental 

results. For example, Tognon and Ursella [Tognon & Ursella;1981] examined the reaction of two 

Italian pozzolans and fly ashes with lime. They used the Franke method of analysis for lime and 

found that the two tuffs exhibited some reaction with lime after only 3 hours hydration whereas both 

fly ashes did not show the start of reaction until 3 days after the start of hydration. Interpretation of 

the results from the Franke test may be complicated, however; some research indicates that the 

decrease in the observed calcium hydroxide content at early ages is not due to the pozzolanic reaction, 

but to other elemental processes such as adsorption [Takemoto & Uchikawa;1980]. 

Other rapid rates of reaction have been observed. Rice husk ash reacts very quickly in an 

ash:OPC system primarily due to its high amorphous silica content and its very high surface area. In 

one study, [Cook;1984], an ash ground to a Blaine fineness of 1000 cm'/g had a BET surface area of 

1.3x106 cm'/g. Calorimeter tests showed that the ash increased the size and sharpness of the second 

hydration peak and moved it forward by about 5 hours, from 17 hours to 12 hours. An 80:20 

cement:ash mortar exceeded the strength of the control OPC mortar after 7 days. This very rapid 

reaction can be traced by the rapid reduction in calcium hydroxide content that occurs (Figure 8) with 

time. 

Whereas chemical methods, if carefully performed, can produce accurate determinations of 

CH content, by far the quickest and most sensitive method of CH determination is thermal analysis. 

If a hydrated paste or mortar is heated in the temperature range 400-500°C, calcium hydroxide 

dehydrates rapidly to produce a sudden weight loss in the sample. This weight loss is directly 

proportional to the amount of CH in the sample. Although advanced thermal analysis equipment is 

desirable to perform this test, satisfactory results can also be obtained with the use of a balance and a 

pair of ovens set at different temperatures - one at 400°C (below the CH dehydration temperature) 

and one at 500-550°C (above the CH dehydration temperature); simple gravimetric analysis can be 

2 Although the Franke method is commonly used to determine free lime by chemical means, it 
should be noted that there is another accurate method [200A;1961] 
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used to determine the CH content by determining the sample weight after a specimen is dried first in 

the lower-temperature oven and then in the higher-temperature oven. To produce accurate results 

some efforts must be made to minimize carbonation during the heating process. 

Determination of CH content may yield useful results about the rate of chemical reaction, but 

researchers have reported that there appears to be no useful correlation between, for example, the CH 

consumption results and compressive strength, Figure 9 [Costa & Massazza;1981]. The test results 

shown in the figure were performed on 6 Italian pozzolans and three Italian fly ashes. Although there 

is a positive correlation, the scatter of results is such that reduction in CH content could not used as a 

practical prediction of strength. Costa and Massazza [1977] agree that free-lime can be measured 

accurately, but there is little correlation with strength; "lime absorption data do not allow an 

evaluation of the hardening properties of a pozzolanic material". 

The pozzolanic reaction with lime depends upon the materials BET surface area at early ages 

but at later ages depends more upon the reactive silica and alumina content. No accurate relationships 
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can be established between these factors and reactivity because there are also other variables which 

determine the overall "lime absorption kinetics" [Costa & Massazza;1977]. 

MICROSTRUCTURAL CHANGES & THE POZZOLANIC REACTION 

In the pozzolan-lime-water system the formation of a strength-giving microstructure can be 

,considered to be generally the same as that in the Portland cement-water system, although this 

formation usually occurs at a much slower rate. Calcium aluminates, if present, will react to form 

hydrates which result in the formation of a preliminary solid skeleton; further reaction and the 

formation of calcium silicate hydrate then tends to form more solid skeleton but also to fill in the 

voids in solid skeleton with more hydrate, thus strengthening the overall cementitious matrix. As 

calcium hydroxide reacts, space occupied by CH will be replaced by hydrate and this is another 

strengthening process. 
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In the Portland cement-pozzolan-water system the initial skeleton, which causes setting and 

early strength gain, is produced by the hydration of Portland cement to form CSH and calcium 

aluminate hydrates. The formation of the microstructure in the early stages is almost entirely due to 

Portland cement and the pozzolan can be thought of as an inert material. At later ages the rate of 

pozzolanic reaction becomes significant while the rate of hydration of Portland cement is small or 

insignificant. In this later stage any capillary (large) pores that remain after Portland cement 

hydration are infilled by the products of reaction of pozzolan and calcium hydroxide [Lea;1938]. The 

space occupied by calcium hydroxide is again replaced by hydrate from the pozzolanic reaction. 

These later-age mechanisms of (a) infilling and blocking of pores, and (b) replacement of a weak 

material (CH) with a strong cementitious material (CSH) are principally responsible for the long-term 

strength and impermeability of building materials that are made with pozzolans. 

Although the total porosity of a pozzolan paste is greater than an OPC paste at early ages, 

with time the capillary porosity decreases while the gel pore space < 75A increases. There is also 

some evidence that at even later ages the gel pore space also decreases [Takemoto & Uchikawa;1980]. 

This is a refinement of the pore structure and is clearly responsible for both a large decrease in 

permeability and significant increase in strength. The effectiveness of the reduction in large pores 

depends upon the reactivity of the pozzolan used [Manmohan & Mehta;1981]. 

Figure 10, [Mehta; 198 1 ], shows the change in the pore size distribution for pastes with 

various proportions of Santorin earth. There is a clear indication that the pozzolanic reaction results 

in a decrease in the pores greater than 1000A when compared to the control paste. The pozzolan 

pastes contain a larger proportion of pores in the small size ranges < 100A. Mehta attributes strength 

improvement to the conversion of the larger pores (> 1000A) to smaller pores (<500A) because of 

the pozzolanic reaction. 

Massazza and Costa, in an examination the reactivity of 8 Italian pozzolans, [Massazza & 

Costa;1977], measured many chemical and physical properties of the pozzolans and attempted to 

relate basic properties to the strength of lime:pozzolan pastes. In general, no acceptable correlations 

were found between any of the characterization properties of the pozzolans and strength. On the 

other hand, some significant correlations were observed between strength and the properties of the 

microstructure during hydration - in particular, strength vs. hydrate surface area (Figure 11) and 

strength vs. free calcium hydroxide content (Figure 12) (numbers refer to the number of the pozzolan 

tested, i.e. 1 to 8). In the first case the relationship may be unique while in the second case (Figure 
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12) the form of the relationship between CH content and strength appears to depend upon the type of 

pozzolan under examination. 

SELECTION AND DEVELOPMENT OF POZZOLANIC DEPOSITS 

Despite the wide variety of pozzolans and complexity of behaviour, at the practical level the 

engineer/developer has a substantial amount of control over the exploitation of pozzolans as engineer- 

ing materials. With respect to the chemistry and mineralogy of the material, the developer often will 

have a choice of the deposit to be exploited; that choice will also depend to a great extent upon 

economics. Once a deposit is chosen, the quality of the material can also be controlled to some 

extent by tailoring the particle size or surface area of the pozzolanic material in order to obtain 

sufficient reactivity. However, as will be illustrated below the development of prediction methods to 

determine whether grinding will improve the reactivity of a specific pozzolan are unlikely to be 

worthwhile; one must fall back on pilot grinding tests to determine whether investment in grinding 

2 
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equipment is likely to be worthwhile. Calcination of a deposit to improve reactivity is also an 

alternative; again, economics plays a major role in such a decision. 

SELECTION OF A POZZOLAN - CHEMISTRY AND MINERALOGY 

It is now generally accepted, after much research over many years, that oxide analysis of 

pozzolans cannot be related in any useful way to the engineering performance of pozzolans 

[Milestone; 1978] [Davis et al; 1935] [Davis; 1950] [Allen & Spence; 1983] [Moran & Gilliland;1950] 

except in the broadest sense; for example, Sersale [1980] has proposed that a difference between the 

silica and lime content of around 34% reveals the absence of a vitreous phase in the material and thus 

is an indirect determination of reactive potential. 

As noted in previous sections the mineralogy and amount and nature of the glass component 

of a pozzolan is primarily responsible for determining reactivity although, again, it is doubtful 

whether useful correlations to engineering behaviour can ever be developed. 

In the selection of a pozzolanic deposit, however, it may be worthwhile to examine in broad 

terms the types of minerals that appear to play a part in influencing the reactivity of a pozzolan. 

Some of the more important minerals have already been discussed in a previous section. 

Faick, [1983], has discussed the origin of most volcanic pozzolans. They are mostly derived 

from geologically young rocks of the Cenozoic or Quaternary formations. Pozzolans from older 

rocks have had time for the volcanic glass to recrystallize to more stable crystalline substances with 

the passage of time and the influence of geological processes; as a result such pozzolans are likely to 

be less reactive. 

Tuffs are "indurated pyroclastic rocks" with a grain size normally less than 4 mm. There are 

three classes of tuff: (a) vitric tuff with a substantial proportion of glassy fragments > 75%; (b) 

crystal tuff with greater than 75% crystalline material; and (c) lithic tuff with dominant crystalline 

rock fragments. Only the vitric tuff, with a high proportion of glass (usually rhyolitic) have high 

pozzolanic reactivity. Minerals found in high glass content tuffs are biotite, quartz, plagioclase, 

augite, albite, orthoclase, sanidine biotite, apatite, hornblende, muscovite, hydrous iron silicates, 

rhyolite and clays [Faick;1983]. 

A natural tuff from Nevada was analyzed for reactivity and basic properties. It was found 

that the tuff contained clinoptilolite, sanidine, quartz and plagioclase feldspar. Compare this to a high 

lime fly ash containing quartz, mullite, C3S, periclase and anhydrite and a low calcium ash containing 

quartz, mullite, hematite, periclase and magnesium-substituted spinel [Jun-Yuan et al; 1985]. 
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On the other hand, andesites, basalts and basaltic tuffs have commonly been considered to be 

inferior quality pozzolans [Mielenz et al,1951]. This is not a universal truth; a basaltic tuff was 

found to give acceptable concretes when used for mass construction of a dam in Australia, such 

concretes were found to be particularly resistant to alkali-aggregate reaction [Bush; 1960]. Siliceous 

shales are also an important source of pozzolans: they contain opal, chert, porcellanite and other 

minerals with pozzolanic properties. Diatomaceous earth, e.g. marketed under the trade name 

"Lompoc" in N. California is also reactive. 

Pozzolans that contain zeolitic materials are more often than not found to be acceptable for 

practical use. Drzaj et al, [1978], note useful Yugoslavian bentonites and zeolitic tuffs, along with a 

Hungarian tuff, that contains substantial amounts of zeolites. The zeolites present include Clinop- 

tilolite, Heulandite (pure Heulandite can be found in Iceland), and Analcime. Also present are alpha- 

quartz, cristobalite and clays (montmorillonite, illite, andesine and chlorite). 

Pozzolans found in widely different locations may nevertheless have similar mineralogical 

composition. One striking example is illustrated in Figure 13, [Day; 1988], which shows a compari- 

son of the X-ray diffraction traces of Guatemalan pumice, Bolivian tuff and an Alberta fly ash. The 

Figure 13: X-ray Traces of Natural Pozzolans [Day; 19881 
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similarity between the traces is striking; all three pozzolans show a large diffuse hump in the trace 

that is indicative of a high glass content and there are very few peaks for crystalline compounds in the 

materials. 

Glass content is an important component and appears to be a function of particle size - this 

again illustrates the interdependence of properties and provides further substantiation that no unique 

relationship could ever be obtained between a single characterization property and pozzolanic 

reactivity. For example, the percent glass in two different particle size ranges were determined for 

Mt. St. Helens ash [Campbell et al;1982]. Ash which fell relatively close to the volcano (Yakima 

ash) showed a 15% glass portion in particles >75µm but 80% glass content in particles <45µm. A 

fine ash, from Spokane, contained 46% glass in particles >75µm and 70% glass in particles finer 

than 45µm. The crystalline materials in Washington, USA volcanic ash consist of plagioclase 

feldspar - labradorite, albite (NaAlSi3O8) and anorthite (CaAl2Si2O8). Ferromagnesian minerals 

(amphibole, pyroxene) and magnetite are also present in distinguishable quantities. 

In summary there are no hard and fast rules to determine from mineralogical and glass 

composition whether a particular pozzolan will make a good building material. However, one could 

surmise from an examination of the literature that a good pozzolan with respect to chemical reactivity 

is likely to be high in glass content with a small amount of inert crystalline material, or be intermedi- 

ate to high in glass content with a significant proportion of zeolitic or opaline crystalline materials. It 

is important to note that good chemical reactivity may mean good performance with respect to 

strength but does not guarantee a durable building product. 

INFLUENCE OF PARTICLE SIZE AND SURFACE AREA ON REACTIVITY 

It is usually necessary to grind a natural pozzolan in order to obtain sufficient reactivity [U.S. 

Dept. of Interior;1975]. This was illustrated earlier in the survey of American natural pozzolans 

shown in Table V. For economic considerations it is of course desirable to locate a pozzolanic 

material that is fine enough in its natural state that enough surface area is available for reaction in 

order to ensure that early-age pozzolanic reaction is significant. For example, in examining the 

reactivity of various cement-pozzolan blends, it was found that the particle size fraction of the blend 

below 3µm had a predominant effect on one day strength while particles in the 3-25µm range had 

more influence on 28 day strength [Hanna & Afify;19761. 

The search for a deposit that is acceptable without grinding is complicated by the fact that the 

natural particle size distribution of a pozzolan from a single volcanic source will vary depending upon 
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the distance of the deposit from the volcano. This has been illustrated in detail by studies on ashes 

from the Mt. St. Helens eruption, noted in the previous section [Moen & McLucas;1981] [Campbell 

et al;1982]; the average particle size was around 50µm but the particle size 50 miles from the volcano 

was 250µm while it was 441tm 350 miles from the volcano. The net practical result was that the 

pozzolanic activity index (PAI) with Portland cement ranged from a low of 38 to a high of 69, PAI 

with lime ranged from 0.9 to 4.4 MPa and the available alkali ranged from 2% to 5.4%. 

In the second examination [Campbell et al; 1982] an extensive series of engineering tests were 

performed and it was found that the Mt. St. Helens ash exhibited a very wide range of chemical, 

mineralogical and physical properties. The ash closest to the volcano - for example at Yakima 

Washington - was coarse grained (721 cm2/g Blaine); these large particles not only have a low 

surface area, but during formation the particles cool slowly and therefore there is normally less glass 

in the ash and more crystalline material. This makes the material less reactive. Compare this to the 

ash found near Spokane, which was fine grained and had a Blaine fineness of 2630 cm2/g. Compari- 

son of the Pozzolanic Activity Index (MPa) with lime of these ashes confirms the influence of surface 

area on reactivity: 

Ash 
Blaine Surface Area 

(cm2/g) 

Pozzolanic Activity Index 

(MPa) 

Spokane ash, as is 2626 3.40 

Yakima ash, as is 721 0.96 

Portland ash, ground 5145 4.31 

ASTM requires a PAI of 5.5 MPa at 7 days to be an acceptable Type N pozzolan for use in 

construction in the USA. None of these ashes would therefore pass the U.S. standard but similar 

qualities would, perhaps, be more than welcome for a pozzolan in other countries. 

In another series of tests, [Campbell et al;1982], the performance of cement-pozzolan mortars 

manufactured from the Spokane ash were determined. Mortar cubes were manufactured and tested in 

accordance with ASTM C109. The cement replacement was 20% in all cases and the water/cement 

ratio was 0.485 in all mixes. In one series of tests the Spokane as was used as is (Blaine = 2626; 

75% passing 45µm and 16% passing 7µm) while in a second series the Spokane ash was ground to 

4860 Blaine. The strength results at 1, 3, 7 and 28 days are given in Figure 14. The strengths of the 
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control mortar and a mortar made with Yakima ash (Blaine = 720; 13% passing 44µm and 4% 

passing 71tm) are shown for comparison. While one might expect the fineness to have the most 

significant effect at early ages this appears not to be the case. The difference in fineness is most 

dominant at 28 days rather than at 1 day. The decision to grind a particular ash must be made with 

due consideration being given to the standards in effect and the costlbenefits of performing the 

grinding process. 

The test results on Mt. St. Helens ash also illustrate that if a pozzolan is to be used with 

acceptable confidence in construction it is essential that a potential pozzolanic source is not assumed 

to be consistent throughout; sufficient preliminary testing must be performed on pozzolans extracted 

from several locations within the source and attention must be paid to the geological origin of the 

pozzolan. 

In some pozzolans particle size and surface area will be uniquely related because the particles 

do not have a substantial inherent porosity. In many other pozzolans, however, the particles have an 

internal pore structure and therefore exhibit a much higher surface area than would be predicted from 

the particle size distribution. 
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In testing 5 natural pozzolanas and three fly ashes, Costa & Massazza [1981] found that there 

was a general correlation between the fineness of the cement as measured by the Blaine test and the 

BET surface area as measured by nitrogen (Figure 15). However, it is unlikely that any useful 

correlation could be established; note the two outliers in Figure 15, both of which are natural 

pozzolans - these pozzolans have a high internal surface area which the BET method measures but 

which the Blaine test does not. 

Some research has found a dependency of early reactivity on surface area [Costa & 

Massazza;1974]. In examining 6 commercial Italian pozzolans for lime uptake, the specific surface 

was seem to influence early time (0-7 days) uptake of lime, while at later ages the silica plus alumina 

content of the pozzolan was found to be more important. In other research [Rossi & Forchielli; 1976] 

Bacoli, Salone and Sacrofano pozzolanas from Italy were tested; all are highly porous (56-68%) and 

have a high surface area 10-68 mz/g. An examination of reactivity by thermal analysis indicated that 

there was no proportional relationship between surface area and lime reactivity. 

Results of this second study are supported by tests on twenty two pozzolans [Chatterjee & 

Lahiri; 1967]. No general correlation was found between surface area (either by Blaine or BET 

method) and compressive strength at 28 days or at 6 months. However, as Figure 16 shows, for a 

single sample type the strength increases as fineness increases. Strength results were obtained on 50 

mm lime:pozzolan:sand cubes. 

INFLUENCE OF TEMPERATURE ON REACTIVITY 

A general observation is that elevated temperature accelerates the chemical reaction between a 

pozzolan and lime. Some examples from the research follow. 

Two coarse pozzolans were blended with lime and gypsum in the ratio 80:13.3:6.7 to make 

mortars and were cured at either 10°C or 49°C. Strength was measured at 7 and 28 days. The 

pozzolans were not ground; nevertheless, the temperature of curing had a profound effect on 

reactivity and strengths as high as 14 MPa were obtained at 28 days - this can be compared to the 

same mortar which only achieved 2.8 MPa strength at 28 days when cured at 10°C [Larew;1976] (it 

was also found that the coefficient of permeability was close to the desired range (1x108 to 1x10' 

m/s) when these pozzolans were used). 

Lea, [Lea; 1970], showed that curing temperature has a large effect on reactivity, as measured 

by strength gain, shown in Figure 17. Strength results are given for 1:1:6 lime:pozzolan:sand 

mortars of "dry consistency", for two pozzolans after 7 and 28 days moist curing. 
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In another study, [Marshall;1967], tests were performed to compare the strength of a Trinidad 

Porcellanite with other types of pozzolanas. 1:2:9 1 ime:pozzolan: sand mortars were prepared for 

tensile strength tests; these were subjected to a Normal cure (moist air at 18°C for 7 days then in 

water at 18°C for 7 days) and a Heat cure (moist air at 18°C for 7 days, water immersion at 50°C 

for 46 hours, water immersion at 18°C for 2 hours). The results shown in Figure 18 clearly indicate 

the beneficial influence of elevated curing temperature. Also note the superior performance of the 

porcellanite when compared to other pozzolans and the fact that the fineness of the porcellanite does 

not appear to influence significantly the development of tensile strength. 

PREDICTION OF REACTIVITY 

Researchers have sought a test method, or methods, to enable the prediction of reactivity for 

many years. In America the lack of an adequate activity test has been a major stumbling block in the 

preparation of ASTM standards for pozzolanic cement [Moran & Gilliland;1950]. 
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It appears that each material requires rather exhaustive testing, after which it may be possible 

to develop an empirical quick test for control purposes for the property one wishes to control; 

attempts to relate reactivity to chemistry or mineralogy have proved fruitless. Although petrographic 

examination, X-ray analysis and differential thermal analysis are three sophisticated methods that will 

give a good general indication of the pozzolanic potential of a raw material [Price; 1975] the results 

are hardly positive enough to justify to cost of the equipment if not already available. 

The major problem is that most natural pozzolans contain more than one active ingredient. 

Furthermore, the proportion of active and inert material can vary widely within a deposit. For 

example, 31 samples were tested for strength from one quarry in the Puente formation of S. 

California. Strengths varied from 7.4 to 11.0 MPa and mortar expansion during and alkali-aggregate 

test varied from 4 to 33% of that of the control [Mielenz;1983]. 

These results emphasize the importance of a quick, rapid test method to evaluate reactivity. 

This is especially important for day-to-day judging of the consistency of the properties of a pozzolan 

from one source. As an example, one suitable test for quality control of a pozzolan on site may be 

the "flocculation test" in which lime and pozzolan are boiled together in water for 3 hours, the 

suspension is allowed to settle and after 24 hours the volume of the suspension is measured 

[Spence; 1982]. 

Many of the proposed chemical test methods outlined below were developed with the initial 

intention of producing "the" method which would allow the potential of a wide variety of pozzolans to 

be assessed quickly and with little effort and expense. This objective has not been achieved and many 

of the test methods, both simple and sophisticated, have turned out to be appropriate only for quality 

control. 

PETROGRAPHIC EXAMINATION METHODS 

The glass content of a pozzolan is important with respect to reactivity and thus petrographic 

examination is useful to estimate the glass content of the pozzolan [Heath; 1953] [Coutin et al; 1976] 

[Alexiev et al;19731. It can also be used to assess the clay content of a pozzolan and thus help to 

predict whether calcination would lead to a more reactive material [Moran & Gilliland;1950]. 

Oregon pozzolans, for example, contain anywhere from 65-95% glass, according to 

petrographic analysis. The refractive index of this glass lies between 1.507 to 1.52. Feldspar 

minerals are predominant as the crystalline minerals. Table IX, summarizes the test results obtained 

on a number of Oregon pozzolans in which glass content and refractive index of the glass were 
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COMPARISON OF PORCELLANITE POZZOLAN 
TENSILE STRENGTH OF LIME-MORTARS 

Z 
5 
0 
N 0 a 

Santorin Earth 

Naples 

Trass 

Good burnt clay 

Porcellanite (v fine) 

Porcellanite (coarse) 

0 0.5 1 1.5 2 2.5 3 3.5 
TENSILE STRENGTH MPa 

® NORMAL CURE 14d = HEAT CURE 46h @50C 

Figure 18: Properties of Porcellanite Pozzolans [data from Marshall; 1967] 

CONTROL STRENGTHS, 30% REPL SERIES (MPa) >>>>> >>>>>>>>> 18.2 28.8 33.7 353 34.8 

CONTROL STRENGTHS,35%REPLSERIES(MPa) >>>>> >>>>>>>>> 37.0 44.6 47.7 LIME/ 
MORTAR 

SAMPLE TYPE GLASS REFR. SURFAC GRND REPL COMPRESSIVE STRENGTH CUBES 

% INDEX an ̂  2!g % 7D 28D 90D 182D 365D MPa 

10 water Laid silica 65 132 5250 N 30 54 65 77 78 97 

20 volcanic ash 80 1.51 2350 N 30 39 47 62 62 83 

30 fine-grained ash 83 131 2650 N 30 40 46 57 62 71 

40 pink volcanic ash 87 131 2050 N 30 33 38 51 58 64 

50 pink volcanic ash 87 131 1650 N 30 32 37 49 52 62 

60 red volcanic ash 63 1.51 2400 N 30 38 45 53 62 70 

70 tan volcanic ash 63 131 2350 N 30 38 42 54 57 69 

80 gray volcanic ash 75 131 2150 N 30 34 46 51 58 70 

90 pink volcanic ash 85 1507 1190 N 30 26 36 42 47 49 

100 pure white pumice 95 1.5 3160 N 30 50 67 88 96 112 

110 gray volcanic ash 97 1.5 1400 N 30 38 41 43 45 51 

120 fly ash 3060 N 35 92 86 83 7.2 

121 fly ash 3020 Y 35 93 98 101 7.9 

130 volcanic tuff 87 1.51 4790 N 35 41 34 32 5.6 

131 volcanic tuff 87 131 5110 Y 35 54 48 46 7.6 

140 gray pumice 91 1.5 1680 Y 35 61 54 57 

141 gray pumice 91 1.5 2900 Y 35 73 73 74 5.1 

142 gray pumice 91 13 3880 Y 35 85 86 75 5.8 

150 vole ash (rhyolte) 92 1.505 1550 N 35 31 36 36 1.7 

151 volt. ash (rhyolite) 92 1305 3320 Y 35 79 75 71 5.8 

160 silty clay 1680 Y 35 58 50 43 

170 pink volcanic ash 95 2430 Y 35 52 49 49 

171 pink volcanic ash 95 3270 Y 35 63 58 64 4.6 

180 gray volcanic ash 97 1309 1620 N 35 33 34 36 6.1 

181 gray volcanic ash 97 1309 5500 Y 35 74 73 71 120 

190 white volcanic ash 92 1.513 3370 N 35 44 40 39 3.7 

191 white volcanic ash 92 1313 3680 Y 35 75 70 84 16.9 

200 vitric tuff 97 1309 1465 N 35 35 40 37 26 

201 vitric tuff 97 1.509 3440 Y 35 51 57 60 28 
210 red iron bauxite 3100 Y 35 42 34 38 23 

lime reactivity tests performed on 2' cubes in proportions of 21:9 by inass pou:lime:sand. Water for normal consistency, Cured in 

moist cabinet 24 hours then at 130F for 24 hour, seated and cured at 130F until tut at 7 days. 

Table IX: Properties of Oregon Pozzolans [data from Heath; 1953] 
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obtained by petrographic analysis (Heath;19531. The main strength series was performed on 

OPC:pozzolan mortar cubes with 30% replacement (Series I) and 35% replacement (Series II). The 

strength results are reported as % of the control strengths which are given at the top of the table. A 

simple correlation analysis was performed to determine if any relationship exists between the glass 

contents (and surface areas) of the pozzolans and the strength at 1 year. Figures 19 and 20 are 

scattergrams of the results and clearly indicate that no useful correlations exist between strength 

development and either glass content or fineness. 

The refractive index obtained for the glass during petrographic examination may provide a 

simple means for general assessment of the glass reactivity if X-ray analysis is not available 

[Higgs;19741. It would appear from the data that most glasses, contained in pozzolans which have 

acceptable reactivity, have a refractive index in the range 1.500 to 1.520. In one study, 

[Faick; 1963], it was found that the most promising N. California tuffs examined had from 70 to 99 % 

glass content with a refractive index between 1.508 and 1.520. 

Where X-ray analysis is available, some research has shown that an index based upon X-ray 

diffractograms can be developed which gives good correlation with mechanical strength 

[Sersale;1980]. This involves the analysis of the diffuse band in the X-ray trace around a d-spacing 

of 4-5A. Hara et al [Hara et al; 1989] show that the X-ray trace of amorphous materials such as rice 

husk ash includes a broad diffraction ranging from 12 to 35°20 (Cu-Ka radiation), which is 

proportional to the content of the glassy phase by mass. 

CHEMICAL PREDICTION METHODS 

The earliest test to estimate pozzolanic activity was the "Lime absorption test" proposed by 

Vicat in 1837. In this test a lg sample is added to 75m1 of saturated limewater and shaken. At 

various ages 25m1 of solution is extracted and titration is performed to determine the lime absorption. 

Another early test by Rivot (1862) estimates reactivity by determining the residue of a pozzolan after 

heating witSwnitric acid and then treating overnight with 10% KOH solution [Moran & 

Gilliland;1950]. The direct measurement of the amount of lime combined as a test of pozzolanicity 

was first proposed by "Rebuffat" in 1896 [Lea; 1938]. 

Other early tests include the Griin test (1931) in which the pozzolan is refluxed in 5% KOH 

solution for 1 hour and the dissolved Si02+R203 is determined. The Jordan test (1946) is a 

modification of this test where IN NaOH is used instead of KOH and the refluxing time is reduced to 

30 minutes. Moran and Gilliland [1950] also note the Davis Dam test (1947-49) which determines 
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Figure 19: Glass Content vs Strength [data from Heath; 1953] 
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Figure 20: Fineness vs. Strength, [data from Heath; 1953] 
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the reduction in alkalinity in a IN NaOH solution due to reaction with a finely divided siliceous 

material - a test more suitable for aar evaluation than for reactivity. 

Other early tests for pozzolanic activity include the Chapelle test [Chappelle; 1958] in which 

the pozzolan is suspended in lime that is near boiling. Close temperature control and stirring can 

reduce the scatter of the results [Raverdy et al;1980]. 

Additional chemical test methods have been outlined by Milestone [1978]; these are: 

1. Florentin method - measurement of the mass of S+A+F soluble in cold HCl is related to the 

amount of S+A+F in the pozzolan that has reacted with lime and is therefore a measure of 

pozzolanicity. 

Lea [1970] explains the test in detail. The test is based upon the extent of insolubility 

of a pozzolan in cold (<5°C) HCl (density= 1.12). The method is as follows:I g of pozzolan 

is ground to pass the 900 mesh/cm2 sieve. It is stirred for 10 min. with 100 ml cold HCl. 

The amount of SiO2, A12O3, and Fe1O3 dissolved is determined as a % of the ignited weight 

by normal chemical methods. A 50:50 by mass lime-pozzolan paste is then prepared and 

stored for 3 days in moist air and then in water at 15°C. Two grams of dried sample is then 

analyzed as above. 

The amount of silica and alumina dissolved in solution increases as age increases as 

these compounds react with lime. Figure 21 is an example of the progress of reaction with 

time for four types of pozzolan. An alternative method is to track the reaction process by 

following the reduction in free lime (calcium hydroxide) remaining the material with time. 

An example of this is shown in Figure 22. 

2. Fratini method - the pozzolan is added to saturated CH solution and the decrease in Ca++ ion 

content with time is measured. This test is contained in a USSR standard. 

DeLuxan and Soria [1975] examined the use of the Fratini test in detail. They found 

the test method difficult to perform without producing carbonation during the test. Several 

effects limit the reliability of the test. Although it may be a useful test to differentiate an inert 

from a reactive material it would not be appropriate, in their view, for grading pozzolans 

according to reactivity. 

3. Raask & Baskar method [Raask & Baskar; 1975] - the amount of pozzolan dissolved by HF 

and HNO3 is measured by monitoring the electrical conductivity of the dissolving solution. 

The conductivity is related to the reactivity of the pozzolan. It appears, however, that Lea 
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(1940) was the first to propose using electrical conductivity to monitor the depletion of lime 

from solution in this way [Moran & Gilliland;1950]. 

Majumdar & Lamer, [1977], provides more details. The Raask & Baskar test 

estimates the proportion of silica in the ash which reacts with a fixed volume of 0.1M HF 

solution in 10 minutes at 27°C. This proportion is measured as the conductance of the 

resulting solution. Majumdar found that there are significant problems, not least of which is 

that silica is not the only compound influencing the reactivity of a pozzolan. The Raask & 

Baskar test may be more valuable for charting variations in behaviour within a given type of 

pozzolan rather than allowing a prediction of pozzolanic reactivity. 

Luxan, et al, [Luxan et al;1989], modified the test in an attempt to obtain more 

accurate results. His method consists of adding mixed amounts of material to known concen- 

trations of NaOH solution. Silica is dissolved from the pozzolan and the conductivity of the 

solution decreases linearly with the amount of silica dissolved. Preliminary testing was also 

performed using calcium-hydroxide solution instead of sodium hydroxide solution and results 

look promising. 

Although the test may be promising, the authors quote correlation between this test 

method and other standard methods but present no results. They do, however, give evalu- 

ation guidelines based upon conductivity: 

Variation in conductivity 

over 120 seconds [mS/cm (mhos)] 

non-pozzolanic < 0.4 

variable pozzolanicity 0.4-1.2 

good pozzolanicity > 1.2 

4. Milestone test [Milestone; 1978] - this test method is performed as follows: 0.15 g of the 

pozzolan is weighted into a 300ml nickel beaker. 200 ml of boiling 0.5M NaOH is added and 

the resulting suspension is brought back to the boil for 3 minutes (3 minutes is the optimum to 

avoid dissolution of non-pozzolanic material). The suspension is cooled quickly with ice and 

filtered through a Gooch crucible prepared with a bed of woolly asbestos. The residue is well 
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washed and dried at 105°C. The weight of the material remaining is determined; the % of 

the material dissolved is proportional to the "alkali solubility" 

Figure 23 is a scattergram of Milestone's "alkali solubility index" with the strengths 

of lime-pozzolan mortars for several types of pozzolans (prefix DP & D=diatomaceous 

earths; P=pumicites; C=calcined clays & shales; M=miscellaneous, including fly ash, tuffs 

and quartz sand). The correlation is reasonable but the relationship depends upon the type of 

pozzolan; like the Raask & Baskar method the test is probably only useful to monitor 

variations in properties of a particular pozzolan after sufficient calibration tests have been 

performed. 

One modern test method of note is that proposed by Surana and Joshi 11988]. This method is 

based upon the reaction of monomeric silica with a molybdate reagent. This fairly complex chemical 

procedure depends on "the complexation of silica and molybdate to give silica-molybdate complex that 

is sensitive to light". The amount of complex is monitored by spectrophotometric means. Again the 

method requires that a suitable calibration curve is established for a particular type of pozzolan. Once 

this occurs then reasonable correlations can be obtained between spectrophotometer absorbance and 

compressive strength (Figure 24). 

All of the solubility tests fail to give a positive general correlation between solubility, 

reactivity and strength of practical mixes [Hammond;19831. This is not surprising since assessment 

of the literature clearly shows that activity of a pozzolan is a function of many factors, including 

chemical composition, mineralogy, particle size distribution, specific surface and total surface area. 

Some of the tests outlined above may be acceptable for day-to-day quality control but cannot hope to 

be used to develop general prediction methods of pozzolanicity. 

PERFORMANCE TESTS TO ASSESS POZZOLANICITY 

It is now recognized in Europe, and is being recognized in North America, that the develop- 

ment of better standards for materials must centre about performance testing rather than specification 

of limits for basic properties such as chemistry, fineness, etc. Performance standards are becoming 

prominent because more diverse materials and combinations of materials are being used to produce 

satisfactory building products; only performance standards can hope to encompass all of these types of 

material including materials made with natural pozzolans. The "quality of natural or artificial 

pozzolan for pozzolanic cement should be evaluated by strength test" [Takemoto & Uchikawa; 1980]. 
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The disparity between chemical characterization and performance characterization is 

demonstrated in the testing of two Canadian natural pozzolanas, a volcanic ash from British Columbia 

and a diatomaceous earth from Nova Scotia [Chen & Suderman; 1987]. Despite the diatomaceous 

earth having a very high silica content and a high surface area it showed the lower reactivity as 

measured by the PAI test with lime (Table X). The PAI with lime does not correlate well with any 

single basic parameter. 

It may be possible to develop accelerated strength tests in order that the quality of a pozzolan 

can be evaluated more quickly. Figure 25 shows compression strength results on 2:1:9 pozzolan:- 

lime:sand mortars cast with a flow of 150% [Davis et al;1935]. These specimens were cured at 21°C 

for 12 hours, 38°C for 12 hours, 54°C for 12 hours and then at 21°C thereafter. Results from tests 

using various pozzolans are shown in Figure 25 while the correlation between the 7 day strengths and 

the strength of OPC-pozzolan mortars at 3 months is given in Figure 26. In this case, the accelerated 

test gives a fair indication of the potential of a pozzolan. 

Since chemical tests are not sufficient to assess reactivity of a pozzolan, another suggested test 

method consists of compressive strength measurement on 25mm lime:pozzolana:sand mortar cubes 

accelerated-cured at 50°C and tested at 7 days. The results correlate well with strengths of practical 

mixes at 63 days [Allen & Spence;1983]. 

One interesting test to assess the effectiveness of a pozzolan is based upon the strength 

difference that is achieved when the pozzolan is cured at 50°C and at 18 °C [Lea;1970]. This test has 

been used in the U.K. and strengths are measured on 150mm cubes manufactured using a 1:3 

standard sand mortar. The cement is a blend of OPC and pozzolan; example test results are shown in 

Figure 27 for replacement levels from 0 to 40% (the paired bars are for tests performed with two 

different cement types). Note the relative ineffectiveness of curing temperature with the control and 

the ground sand mixes - ground sand being a poor pozzolan, while the good pozzolans, such as 

burnt clay, shale and trass, show a large difference in strength between the specimens tested at the 

two curing temperatures. 

The use of accelerated curing regimes to assess the quality of materials is not new and is 

incorporated into many standards around the world. Where natural pozzolans are concerned, 

however, one must use caution in extrapolating the results from such tests to the field. Pozzolanic 

materials are, for the most part, very sensitive to curing temperature and thus, if elevated temperature 

curing is not possible in practice it is probably not appropriate to assess the utility of a pozzolan using 

an accelerated curing regime. 
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British 
Columbia 
Pozzolan 

Nova 
Scotia 
Pozzolan 

Si0 62.4 88.3 

A120,; 16.2 0.7 

loss on ignition 2.2 11.3 

total alkali 5.5 0.06 

surface area cm219 7670 28890 

% passing #325 sieve 98.3 97.8 

Pozzolanic activity index 
with lime, MPa 

9.4 4.9 

Table X: Properties of Canadian Pozzolans 

STRENGTH OF LIME-POZZOLANA MORTARS 
2:1:9 MORTAR, EARLY HEAT CURE 2d 

TUFF - RAW 
DIAT. SHALE - RAW 

DIATOMAC. EARTH - RAW 
CLAY 0-CAL 
CLAY C-CAL 
CLAYB - CAL 

CLAY A - RAW 
CLAY A - CAL. 

BASALTIC TUFF - CAL. 
ITALIAN POZZ. - RAW 

TUFF - CAL. 
PUMICITE - RAW 
PUMICITE - CAL. 

DIAT. SHALE - CAL. 
OIL IMPREG. DIAT. - CAL. 

DIA. EARTH - CAL. 

0 2 4 6 8 10 12 14 
COMPRESSIVE STRENGTH (MPa) 

28 DAYS 

7 DAYS 

Figure 25: data from Davis et al (1935) 
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Figure 27: Pozzolan Reactivity Test, Lea, 1970 
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METHODS TO IMPROVE REACTIVITY 

The reactivity, and thus usefulness, of many inadequate natural pozzolans can be improved by 

simple means, all involving an increase in the cost of the material. However, under many circum- 

stances the beneficiation of a pozzolan may only involve a small amount of extra energy and thus the 

use of such pozzolans may still turn out to be cheaper than alternative building materials. The 

beneficiation methods that are reviewed are grinding, calcination (especially with respect to clays and 

rice husk ash), heat curing and improvement of reactivity through addition of a chemical activator. 

GRINDING 

Many pozzolans require grinding to increase fineness before use. If used with cement the 

pozzolan is usually interground with cement rather than blended - this type of pozzolan:OPC cement 

was used for the L.A. aqueduct in 1910 (the pozzolan was a tuff). Recently, however, there has been 

more of a trend to add the pozzolan at the mixer because it allows better control [Davis; 19501. To 

produce adequate pozzolanicity, many pozzolans must be ground to a Blaine of 5000 cmz/g [Campbell 

et al;1982]. 

If grinding is necessary a careful series of pilot tests should be performed to determine how 

much grinding is required to satisfy strength requirements for the building product under develop- 

ment. It is also important to determine the required throughput and general performance of the 

pozzolan in the pilot grinding mill so that the correct capacity and type of mill can be chosen. 

Some research has surprisingly found that fineness has a more pronounced effect on strength 

at later ages (365 days) than at early ages [Hanna & Afify;1976]. Tests were performed on 

interground blends of 4 types of pozzolan (pumice stone, a "homra" = burnt Nile clay, an altered 

basalt and a basic basalt) in combination with, Portland cement and gypsum. The test results shown 

in Table XI show clearly that the finer the cement, the stronger the resulting material. Tests on 

grinding methods indicated that separate grinding of the constituents, followed by blending is better 

than combined grinding. Combined grinding gives a wider spread in particle size distribution. 

In another examination, (Lea;1970], trass was ground to three different degrees of fineness as 

determined by the % residue on the 170 mesh sieve. Mortars were then prepared with the proportion 

1:4:15 lime:trass:sand and 14.8% water. Bending and compressive strengths at 28 days and 1 year 

are shown in Table XII. The results clearly show the increase in strength as fineness increases (i.e. 

as the % residue decreases). 
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pozzolan strength at 1 year for 71:25:4 clinker, 
pozzolan, gypsum, at given fineness (MPa) 

2700 
cm2/g 

3200 
cm2/g 

3700 
cmZ/g 

4200 
cm2/g 

pumice stone 32.0 41.6 48.8 53.2 

homra 53.1 58.1 64.4 69.0 

altered basalt 42.7 46.0 49.5 52.6 

basic basalt 44.5 48.9 54.6 58.2 

Table XI: Grinding Tests on Various Pozzolans (after Hanna & Afify; 1976] 

CALCINATION 

Calcination, or heating at elevated temperatures, is necessary to produce a pozzolan from 

clays and shales and, for many other pozzolans, can result in a substantial improvement in pozzolanic 

reactivity [Davis; 1950]. 

The primary requirement for a pozzolan is a source of reactive silica. When clays are 

calcined the hydroxyl water is driven off and the crystal lattice is disrupted to expose 

% residue 
on 170 mesh 

Bending 
Strength (MPa) 

Compressive 
(MPa) 

sieve 28d lyr 28d lyr 

43.0 1.26 2.57 2.35 8.2 
14.5 1.86 3.28 3.45 8.8 
3.0 2.11 3.31 4.76 10.1 

Table XII: Effect of Grinding on Strength (after Lea, 1970) 
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"quasi-amorphous silica and alumina". The most important ratio in this regard is S/A+F, but 

calcium aluminates and ferrites are also important. The illite and montmorillonite clays have the 

highest S/A+F among the more common clays (attapulgite and sepiolite clays truly have the highest 

ratio but these types of clay are much rarer). Chlorite clays have the lowest ratio and are the least 

pozzolanic. The best calcining temperature appears to be in the range 600 to 800°C. The dehydrox- 

ylation peak for the kaolinite clays occurs at 600°C while the montmorillonite clays dehydroxylate 

over a higher range from 600-780°C. The composition of various types of clays is shown in Table 

XIII [Bain;1974] 

Forrester [1974] carried out an examination of the optimum calcination temperature and time 

for kaolinite clay. The clay was calcined at different temperatures and paste cubes consisting of 1:3 

lime:clay cementitious material were made; these were cured at 50°C for 7 days and tested for 

compressive strength. In the preparation of burnt-clay pozzolan a degree of care in burning similar to 

that of Portland cement is required if a quality product is to be obtained. A normal calcining 

temperature varies from 600-900°C and then the clay is ground to cement fineness [Lea; 1970]. 

CLAY TYPE S 
A+F 

MgO CaO K20+ 
Na20 

H2 0 

Kaolinite 1 0 0 0 14 

Illite/mica 2 3 1 5-10 7-8 

Montmorillonite 2 4 4 7-8 

Attapulgite/Sepiolite 4 -10-25 0 0 10-11 

Chlorite (low iron) 1 25-30 0 0 11-13 

Zeolitic tuff 3 1 4 10 9 

English Fly Ash 1 2 5 2 0 

Average Shale 3 3 3 5 

Table XIII: Composition of Various Clays (after Bain, 1974) 
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Figure 28 shows the relationship between calcination temperature and subsequent strength 

development. Clays lose their lattice water between 500-700°C and recrystallize at temperatures 

between 900-1000°C. Clays heated to a temperature between the temperature of dehydroxylation 

(approx. 600°C in Figure 28) and the temperature of recrystallization show a breakdown of crystal- 

line structure with the production of amorphous silica and alumina. These materials have a high 

chemical reactivity and can react with lime and water. 

It would appear from Figure 29 that the optimum temperature for this particular clay is at 

800°C - somewhat above the dehydroxylation temperature. Note that the small temperature increase 

to 850°C has a profound effect on the, strength even if the clay is held at this temperature for only 20 

minutes. 

In another study, [Hammond;1984], calcination of clay and bauxite waste were examined and 

the following stages were defined as heating temperature rises: 

1. dehydration - surface and adsorbed moisture is lost 

2. dehydroxylation - of the clay structure 

3. rupture of bonds - leading to collapse of the clay structure 

IMPORTANCE OF CALCINING TEMPERATURE 
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Figure 28: Effect of Calcination Temperature (after Forrester; 1974) 
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4. crystal growth - if heating is continued to the formation of new high temperature 

phases 

The details of the effect of calcination depend upon the mineralogy of the material, the 

inherent atomic structure of the crystals, inherent strain in bonds, the rate of heating and impurities 

present. Tests were performed on bauxite waste from Ghana, calcined from 300-100°C for 8 hours 

and then ground to cement fineness. Mortar cubes 1:2:9 lime:bauxite waste:sand were prepared and 

cured for 90 days. Compressive strengths are shown in Figure 30. The optimum calcining 

temperature appears to be 700°C. Other research shows that bauxite itself can be calcined at 

temperatures between 250-350°C and still produce acceptable results [Robertson; 1974]. 

Another study of bauxite waste confirms that it is a potential pozzolanic material if calcined at 

300-1000°C [Nwoko & Hammond;1978]. X-ray analysis shows the presence of the minerals meta- 

kaolinite, haematite and rutile in the calcined material which is derived from the minerals kaolinite, 

gibbsite, haematite and rutile in the uncalcined raw waste. 

Calcination of other types of pozzolan at temperatures below 1000°C can improve such 

properties as (a) water requirement, (b) setting time, (c) strength development, and (d) control of 

alkali-aggregate reaction [Mielenz et al; 1950] . In this study, the author examined 70 different 
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pozzolans from the US and found the optimum temperature of calcination to vary from pozzolan to 

pozzolan within the range 430-1100°C. 

Costa and Massazza [1977] examined the effect of heat treatment on Italian pozzolans. Ashes 

were heat treated at temperatures between 600 and 900°C for 15 minutes. They found that the BET 

surface area progressively decreased as the calcining temperature increased and that X-ray peaks also 

showed substantial mineralogical change. There was also a morphological change. Thus, the heating 

process produces two opposing effects: (1) there is a reduction in BET surface area which is a 

stabilizing effect and results in less reactivity; (2) heat results in the formation of less stable phases 

and an increase in potential activation. 

The benefits of calcination cannot be predicted until pilot tests are performed. In one study, 

[Sersale & Frigione;1987], thermal treatment at 500°C of volcanic tuffs containing zeolites produced 

a significantly improved pozzolan, while in another study, [Price;1975], volcanic tuffs and pumicites 

were little improved by calcination, but altered pozzolans (i.e. those containing zeolites, etc.) 

benefited from calcination. 
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RICE HUSK ASH FIRING TEMPERATURE 

Rice husks are not pozzolanic unless they are fired. The firing temperature for rice husks is 

extremely critical in order to obtain a satisfactory material. 

The chemical composition of rice husks is similar to many other organic fibres and consists 

of. (a) cellulose CSHI005, a polymer of glucose; (b) lignin C,HIOO,, a polymer of phenol; (c) 

hemicellulose CSH,O4i a polymer of xylose; and (d) silica. The lignin and hemicellulose compositions 

may vary somewhat, depending on the species, but the ash composition (SiO2) is generally 15 to 18% 

of the husk [Hwang & Wu;1989]. It was found that if the ash is fired at 700°C the colour changes 

from greyish to pinkish, with some spherical particles detected. X-ray analysis shows a definite 

tendency for the formation of crystalline material above 600°C-700°C firing temperature [Spence & 

Cook;1983]. This crystalline material is alpha-quartz and wollastonite between 700-800°C, and is 

tridymite, wollastonite, beta-Ca3SiO3, and beta-quartz at firing temperatures between 900-1000°C. 

After firing the ash needs to be ground to a fineness of about 10000 cm2/g [Spence & Cook; 1983]; 

this may take from 1.5 to 5 hours of grinding time [Smith;year unknown]. Cook and Suwanvitaya, 

[1981], showed that rice-husk ash and rice-straw ash contained about 80% amorphous silica if fired at 

the correct temperature around 600°C; the surface area of this highly porous material was about 152 

m2/g. 

In another study, [Cook; 1980], it was found that the optimum firing temperature for rice husk 

ash is in the region 500-750°C. Uncontrolled burning of rice husk produces too high a temperature 

with the result that a highly crystalline, unreactive material is obtained. The importance of firing 

temperature has led to the development of simple furnaces to try and produce better control of the 

firing temperature; for example, Salas et al, [Salas et a1, 1986], describe a simple furnace to fire rice 

husks which uses 3 orifices in the furnace to control temperature. Rice husk burned at too low 

temperatures may have a substantial proportion of unburned carbon; it has been found that carbon 

content has a significant influence on the initial and final setting times of RHA but not on strength 

development [Appropriate Technology International; 1983]. 

A rice husk ash created at close to optimum firing temperature is typically 80-95% silica, I- 

2% K2O and unburnt carbon. When blended with calcium hydroxide or CaO in correct proportions 

strengths adequate for general masonry construction can be obtained. For example, strength tests 

(according to ASTM test C109) were performed on mortars made with various blends of ash and lime 

as indicated in Table XIV [Mehta;1977]. For most of the blends the strengths are adequate: for 

example, ASTM C91 specifies for general masonry construction a strength of 3.5 MPa at 7 days and 
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Ash:lime 
W /c 
for 

Strength (MPa) 
Reactant 

by mass 
Preparation 

constant 
flow 3d 7d 28d 

CaO 80:20 Interground 0.5 10.5 24.5 35.9 

CaO 70:30 Interground 0.65 4.8 14.3 25.1 

CaO 70:30 Blended 0.70 2.5 8.5 15.2 

Ca(OH), 75:25 Interground 0.50 7.7 19.9 29.1 

Ca(OH) 70:30 Interground 0.57 4.6 16.8 24.9 

Ca(OH) 70:30 Blended 0.77 3.5 13.0 20.3 
11 

Table XIV: Strength of Various Mixes with RHA, Mehta; 1977 

9.0 MPa at 28 days. Some strengths in the table approach structural quality material (ASTM C150 

requires a compressive strength of 12.6 MPa at 3 days and 19.6 at 7 days). Intergrinding the ash 

with lime appears to give better results than blending. The main problem with the use of rice husk 

ash appears to be the high water demand as indicated by the w/c ratio required for constant flow; it 

may be possible to solve this problem through the use of a chemical admixtures. 

HIGH TEMPERATURE CURING 

The rate of development of strength of a pozzolan-lime mortar is greatly dependent upon 

curing temperature. A material that may be useless in the U.K., for example, may produce 

satisfactory results in tropical climates [Stacey & Wynn;year unknown]. 

Two research programmes are chosen to illustrate the importance of curing temperature. In 

one project, [Day;1988] [Day & Huizer;1987] [Day et al;1988], strength tests were performed on 

lime:Guatemalan-pozzolan mortars mixed in the proportions 1:3*M:9 lime:pozzolan:sand (where M is 

the ratio of the specific gravities of pozzolan and lime). Sufficient water was added for a constant 

flow as per ASTM standards. Standard Ottawa sand was used. Some specimens were water cured at 

ambient temperatures while others were cured at 52°C, 100% relative humidity for 7 days and then at 
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ambient temperature and 100% relative humidity until the time of test. The pozzolans used in this 

examination were not ground. Figure 31 shows the strength development of the heat-cured mortars 

from 5 to 28 days; the pumice and volcanic ashes give the lowest strengths which are approximately 6 

MPa; these materials are the most abundant and appear to have the most consistent quality. Figure 32 

shows the pronounced effect of heat curing on strength development. If Guatemalan pozzolans are to 

be used without grinding they must be cured at elevated temperatures for at least 5 to 7 days. The 

comparison with the lime:sand mortar in Figure 32 shows that there is some beneficial pozzolanic (or 

filler) effect from the use of the pozzolan since the strengths of the pozzolan:lime mortars are 

substantial above those of the lime:sand mortars. 

In the second examination Goma, [1980], performed tests on bricks made with 1 part trass:2 

parts lime as cement, pre-ground in a ball mill. The bricks were made with river sand with 

cement:sand proportions of 1:3, 1:4 and 1:5. Curing was performed (a) in a plastic tent for 7 days; 

(b) at 95°C in a water bath for 10 hours; and (c) in an autoclave at 130°C for 2 hours. The bricks 

were hand made by ramming into moulds. The strength results are shown in Table XV. The water 

bath and autoclave curing produce the highest strengths but both require substantial energy input. 

The tent curing requires no extra energy input and satisfactory strengths are still obtained (in passing, 

Goma notes one technique to improve the material if water absorption turns out to be too high is to 

add 2% asphalt to the mix. This technique is used in Peru to stabilize adobe construction). 

CHEMICAL ACTIVATION OF THE POZZOLANIC REACTION 

There are several possible chemicals, such as sodium silicate, gypsum, sodium nitrate, sodium 

hydroxide and others that, when used in small proportion appear to be able to increase the reactivity 

of some pozzolans and thus improve engineering properties. In some cases there is little information 

about the effectiveness of such chemicals. For example, Dave [1981] notes that the normal inferior 

and widely variable pozzolan materials of India, such as surkhi, calcined clay and cinders, can be 

activated, by means of a patented process (not described), to produce superior lime:pozzolan mixes. 

More information is provided by others. In testing two coarse pozzolans from Iceland for 

pozzolanic reactivity it was found that the addition of 6.7 % gypsum to a suitable pozzolan:lime blend 

resulted in significant improvements in strength [Larew;1976]. 

Chlorides appear to be one type of chemical that can cause a significant increase in reactivity. 

In one study, the use of CaC12 as an admixture to improve the early strength of fly ash and surkhi 

concretes was examined [Bhardwaj et al,1980]. It was shown that strength improves with the addition 
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Strength (MPa) 
Mix 

Cement: Sand Tent, 7d ' 
Water Bath at 

95°C, 10hr 
Autoclave at 
130°C , 2hr 

1:3 7.1 10.1 8.7 
1:4 7.9 8.7 8.6 

1:5 7.2 8.4 8.6 

Table XV: Effect of Curing on Strength (Goma;1980) 

of 2-3% of calcium chloride/mass of cement. A concrete with 10% replacement of cement by surkhi 

showed a lower strength than the OPC control mix at 28 days; conversely, with an optimum level of 

3% CaCl2 up to 20% surkhi can be used to obtain equivalent strengths to the control. This can result 

in considerable cost savings. 

Recent work performed in Bolivia [as yet unpublished] indicates that approximately 2% 

additions of sodium chloride results in substantial gains in compressive strength of lime:pozzolan and 

lime:pozzolan:OPC mortars. 

Calcium chloride has commonly been used in North America as a strength accelerator; it was 

commonly used for cold-weather concrete but has since been replaced other admixtures because of the 

danger of chlorides to the initiation of the corrosion process in reinforced and prestressed concrete. If 
no reinforcing steel is used, however, chlorides do not have an adverse effect on durability. 

One of the simplest methods to offset the slow hardening rate of the lime:pozzolan reaction is 

to add 100-150 kg of Portland cement per cubic metre of concrete [Lea; 1970]. 
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PART III: ENGINEERING APPLICATIONS OF POZZOLANS 

IN DEVELOPING COUNTRIES 

LIME-POZZOLAN CEMENTS (LPCs) 

STANDARD SPECIFICATIONS 

Lime-pozzolan cements usually consist of a blend of natural pozzolan with lime in the ratio of 

80:20 or 70:30 by mass. It is necessary that both components have acceptable properties and 

minimum standards exist to control the quality of these materials. 

The standard authority that is most often referenced is the American Society for Testing and 

Materials (ASTM). ASTM sets chemical, physical and performance requirements for materials so 

that they will perform adequately within the construction industry in the United States. It is often not 

appreciated that it may be inappropriate to apply the stringent requirements of ASTM for lower-grade 

materials which may produce acceptable building products in other countries. 

To develop building materials that perform satisfactorily with reasonable cost it is necessary 

for each country to develop its own set of standards based upon its own requirements; one does not 

need 30 MPa concrete or high-strength mortar blocks to construct satisfactory single-story dwelling. 

For example, it is estimated that a mortar with a compressive strength of 0.6 MPa can support a four- 

storey building of solid brick masonry [Massood et a1; 1983]. 

Very often, countries adopt minor revisions of ASTM standards as their own. If more use of 

indigenous materials is to occur this practice must be changed and the effort must be made to develop 

standards that apply specifically to the types of construction envisaged for a particular country. 

Nevertheless, it is worthwhile, if only to act as an upper bound for required performance, to 

list some of the requirements of the more relevant ASTM standards [ASTM;1989]. 

Requirements for Quality of Lime 

The quality of the lime used to make LPCs may be as important as the quality of the 

pozzolana. To manufacture slaked lime (CaOH2of acceptable quality the quicklime and the 

limestone from which the quicklime derives must be adequate. 
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In general terms limes can be classified into three types: a high calcium lime contains a few 

% of impurities; a semi-hydraulic lime will contain 10-15% clay, while a hydraulic lime contains as 

much as 20-30% clay material [Robertson; 1974]. 

ASTM C51 classifies limes in terms of the type of the parent limestone: a dolomitic limestone 

from which dolomitic lime is made contains 35-46% MgCO3; a magnesian lime is prepared from a 

limestone with 5-35% magnesium carbonate; a high-calcium lime comes from a limestone with 5% or 

less MgCO3. 

In ASTM C5, however, there are two types of quicklime depending upon whether a 

substantial amount of MgO exists. There are also three classes of quicklime depending upon the 

quickness of slaking - (a) quick slaking lime crumbles in less than 5 minutes when placed in water; 

(b) medium slaking lime crumbles in from 5 to 30 minutes when placed in water; (c) slow slaking 

lime takes more than 30 minutes to crumble when it comes into contact with water. The ASTM 

chemical requirements for quicklime are shown in Table XVI. Since the predominant pozzolanic 

reaction is between the silica and alumina of the pozzolan and the calcium hydroxide of the slaked 

lime, it is best to use a calcium-lime than a magnesium-lime. 

ASTM provides a second standard (C821) which addresses the necessary quality of slaked- 

lime for use with pozzolans. These requirements are: 

Chemical Factor (CF) minimum 50 

Blaine fineness, cm2/g minimum 10000 

Pozzolanic Receptivity Index (PRI) minimum 100 

ASTM C5 Require- 
ments for Quicklime 

Calcium 
Lime 

Magnesium 
Lime 

CaO (min %) 75 

MgO (min %) 20 

Total % 95 95 

Si0 (max %) 5 5 

CO (max %) at site 10 10 

Table XVI: ASTM Chemical Requirements for Quicklime 
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The Chemical Factor, CF, is: 

CF= CaO-1.27(CO) +1.4r(MgO) (1) 

where r = 0.3 if MgO < 5% or is calculated from X-ray diffraction analysis if MgO > 5 %. Under the 

latter circumstances the counts per second (cps) on the X-ray trace for the peak heights for MgO at 

2.106A and for Mg(OH) at 2.365A are determined. Then: 

cps MgO r= 
cps MgO + 2.0 (cps Mg(OH)) 

The Pozzolanic Receptivity Index is defined as: 

PRI C.F. Blaine Fineness(cm2lg) 

10,000 

(2) 

(3) 

The chemical analyses of limestone, quicklime and hydrated lime are performed in accordance 

with ASTM test method C25 which is a wet chemical method (although alternative more-modern 

techniques are also allowed). One interesting part of C25 which could be performed in the field with 

a minimum amount of equipment is the "available lime-index test" or the "rapid sugar method". In 

this test, slaked lime is solubilized by reaction with sugar to form calcium sucrate. The amount of 

calcium sucrate is then determined by a simple titration technique with a standard acid and 

phenolphthalein as indicator. 

Another class of lime that may be acceptable for use with pozzolans in some situations may be 

hydraulic hydrated lime, covered in ASTM C141. High-calcium limes, when used alone or with sand 

in a mortar, rely upon the carbonation process (conversion of calcium hydroxide to calcium carbonate 

by reaction with atmospheric C02) for hardening and strength development. On the other hand, a 

hydraulic lime normally contains a substantial amount of clayey material which will react with water 

to produce calcium-silicate and/or calcium-aluminate hydrates. These hydraulic properties are 

desirable and, if tested for soundness, the use of such limes could improve the properties of lime- 

pozzolan mortars. ASTM C141 requires a hydraulic lime to have between 65 and 75% CaO+MgO, 

16 to 26% Si02i a maximum of 12% Fe203, and a maximum of 8% CO2. Cube strengths of a 1:3 

lime:sand mortar made with hydraulic lime cannot be less than 1.7 MPa at 7 days, or less than 3.4 

MPa at 28 days. 
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Requirements for Quality of Pozzolans 

Specifications for pozzolans which are to be used with lime to make plastic and non-plastic 

mortars are given in ASTM C593. These specifications are shown in Table XVII. It is also of 

interest to note the Bureau of Reclamation requirements for natural pozzolans, 1961, shown in Table 

XVIII [Asher;1965]. The Indian Standards association has a set of standards for "Burnt clay 

pozzolana" (IS1344-1968), and "Lime-pozzolana mixture" (IS4098-1967) [Spence;1980]. 

Most specifications have a performance requirement to measure the strength of Iime:pozzolan 

mortars manufactured and cured in a standard manner. The most common test is the Pozzolanic 

Activity Index test with lime, described in ASTM specification C311-88 (this specification also 

contains procedures for chemical analysis, density, shrinkage, soundness, air-entrainability and water 

requirement). 

The PAI test with lime consists of preparing a mortar with 1 part hydrated lime and 9 parts of 

graded standard sand by mass, "plus an amount of oven-dry mineral admixture equal to twice the 

weight of the lime multiplied by a factor obtained by dividing the density of the mineral admixture by 

the density of lime". The amount of mixing water is sufficient to produce a flow of 110±5% as per 

ASTM C109. Mortar cubes (50mm) are then stored in a moist room at 23±1.7°C for 24±2 hours, 

demoulded and then stored at 55±1.7°C until an age of 7 days when they are tested for strength in 

accordance with ASTM test method C109. 

Requirements for Masonry Cement 

ASTM specification C91 defines three types of masonry cement (N, S and M). The 

specification is strictly a performance one and, as long as the performance requirements are met, the 

chemical and mineralogical properties of the cement are of no concern. The C91 specification is 

given in Table M. The compressive strength tests are performed on mortar cubes with 1:3 

cement:sand by volume, cast with a flow of 110, moist cured for 7 days and then placed in water 

until 28 days. 

Requirements for Masonry Mortars 

ASTM C270 allows various blends of cement and sand to make mortars. The allowed cement 

in the "cement-lime" mortars consists of ordinary Portland cement (or blended cement) combined with 

hydrated lime or lime putty. Since Portland cement, and sometimes lime, can be very expensive in 

developing countries these types of mortar are of little relevance to the present report. 



85 

For For non- 
Plastic Plastic 
Mortars Mortars 

Amount 600 µm 2.0 2.0 
retained 
wet sieved 75 µm 30.0 30.0 

Lime-pozzolan at 7 days 4.1' 2.82 
mortar 

strength MPa at 28 days r I 
4.1 

I I 

note [1] -- mortar proportions by mass: lime:pozz:sand = 1:2:2.67, 
flow = 65-75, 50mm mortar, cubes as per ASTM C109 test method, cubes 
cured @ 54±2°C over water in a closed oven for 7 days, then at 
23±2°C at 95-100% relative humidity until 28 days. 
note [2] -- mortar proportions by mass: lime:pozz:sand = 
4%:24%:72%, with sufficient water to give optimum moisture content 
as per ASTM D1557. Specimen size = 0102x117 mm cylinders sealed 
and cured at 38±2°C for 7 days. An extra requirement for non- 
plastic mortars is that the vacuum saturated strength at 7 days 
must also be 2.8 MPa 

Table XVII: Specification for Pozzolans in Plastic and Non-Plastic Mortars, ASTM C593 

Si02 + A1203 + Fe203 (S+A+F) , min 75%' 

MgO, maximum 5% 

SO31 maximum 4.9 

Loss on ignition, maximum 10% 

moisture content, maximum 3% 

exchangeable alkalis as Na201 maximum 2%2 

Blaine fineness, cm2/g, minimum 16,500 

retained on #325 sieve, maximum 12% 

compressive strength 

with OPC, % of control at 28 days, minimum 

with lime, 7 days, MPa, minimum 

80% 

5.5 

shrinkage, difference from control, maximum 0.04 

alkali agg., reduction in expansion with 
respect to control, minimum 

60% 

water requirement, maximum 112% 

note [1] -- Corps of Engineers specifies 70% 
note [2] -- Corps of Engineers specifies 1.5% 

Table XVIII: Bureau of Reclamation Requirements for Natural Pozzolans (Asher;1965) 
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Masonry Cement Type N S M 

Autoclave expansion, max, % 1.0 1.0 1.0 
Setting time, Gillmore method: 

Initial set, min, hours 2 1.5 1.5 
Final set, max, hours 24 24 24 

Compressive strength (avg of 3 cubes) 

7 days, MPa 3.5 9.0 12.4 

28 days, MPa 6.2 14.5 20.0 

Air content of mortar 
Minimum, volume % 8 8 8 

Maximum, volume % 22 20 20 

Water retention, min, % of original flow 70 70 70 

Table XIX: ASTM Requirements for Masonry Mortars (C91) 

The stronger mortars can be obtained by combining types N and M masonry cements with 

OPC. However, the mortars of prime interest are those made from types S and N masonry cements 

and sand. 

Type S mortar is a combination of 1 volume type S cement with 2.25 to 3 volumes of sand. 

The required strength at 28 days is 12.4 MPa. Type N mortar is the same as the type S mortar but is 

made with type N cement and is only required to achieve a strength of 5.2 MPa at 28 days. Type 0 

mortar is also made with Type N cement with the same proportions but only has to obtain a strength 

of 2.4 MPa at 28 days. 

The appendix to ASTM C270 contains some guidelines for the use of these lower grade 

mortars. Type 0 mortars are suggested for exterior non load-bearing walls above grade or interior 

non load-bearing partitions. Type N mortars are suitable for exterior load-bearing walls above grade, 

parapet walls and interior load-bearing walls. 

It is argued that Type N mortars could be used for some load-bearing applications. Many 

countries judge the quality of building materials according to the American standards and, as has been 

indicated, this is probably inappropriate for the type of building materials which are often manufac- 

tured using natural pozzolans. For example, it has been estimated that building blocks with a strength 
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of 3 MPa are sufficient for one or two story buildings where durability and weather resistance, rather 

than strength, are more important [Spence;1982]. Other research indicates that acceptable strength 

for non load-bearing blocks in the Philippines is 0.7 MPa [Tabujara & Manahan;1979]. Such 

strengths were achieved by a 1:3 sand:cement mix using bagasse-soil-cement mixtures up to a 3:3:1 

proportion. 

APPLICATIONS FOR LPCs 

Before discussion of the engineering properties of lime-pozzolan (or pozzolime) building 

materials it is worthwhile to discuss some case studies for the application of these type of materials in 

Asia, Africa, Central/South America and Europe. 

Asia 

Perhaps the widest application of pozzolime materials has occurred in Asia and especially in 

India. The main force driving the use of pozzolanic materials in India is economics. The energy 

consumption for the production of various types of building materials by totally mechanized plants is 

shown in Figure 33 [Rai;1988]. The manufacture of clay bricks and roofing tiles is very energy 

intensive. In a high draught brick kiln used in India 120 kg of coal consumption is required to 

produce 1000 bricks and India produces 50,000 million clay bricks every year. Brick manufacture 

with pozzolan blended with highly plastic clays, however, can save 25-30% savings on coal burning. 

Since the calcination of clay to produce pozzolan is one of the least energy intensive 

industries, this type of pozzolan, as well as surkhi, is used throughout the country. For the 

calcination of clay a small rotary kiln can be used (im diameter x 10 m long) which will produce 7;.5 

tons/day at a capital investment of about $110,000. A LPC plant requires 2 feed bins, 2 disc feeders, 

a ball mill, an elevator, storage bin, dust collector and packaging machine. A plant with a capacity of 

820 tons/day would cost about $10 million compared to $45 million for a cement plant [Grane;1980]. 

In rural India the price of Portland cement is inflated by large transportation costs (as it is in 

many other countries). As a result, small scale lime production is carried out in every part of the 

country (as it is in Bolivia also). The lime by itself is used for many applications (masonry, 

rendering, etc.) but setting and strength gain is slow so a pozzolan is often added [Spence;1984]. 

Where lime and small-scale brick manufacture co-exist, surkhi is produced as a blend of 

pulverized under-fired or reject bricks and lime. Kerala tile surkhi, if ground to cement fineness with 
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ENERGY CONSUMPTION FOR MANUFACTURE 
OF BUILDING MATERIALS 
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a 2:1 pozzolan:lime ratio produces a mortar with 7 MPa compressive strength - more than adequate 

for all normal applications. 

Cost savings when indigenous materials are used has been proven to be substantial. The 

Cement Research Institute of India has developed a design for a rural house which uses only locally 

available materials such as natural soils and rice husks, and for which skilled labourers are not 

required. The materials for this house cost only $215 and labour $125 "which puts the house well 

within the reach of the poor" [Visresvaraya; 1980]. 

In Pakistan, A low-cost prototype house was built using a 1:2 lime:ash cement to manufacture 

mortar, plaster, load-bearing hollow blocks, lintels, roof tiles and sun shades. In the blocks the 

lime:ash cement formed 8.6% of the weight of the block, the remainder being aggregate. The block 

size was 46x23x15 cm and weighed 26.5 kg. Mortar proportions were 1:4 cement:sand. It was 

calculated that an overall savings of 37% per square foot was achieved over the cost of a conventional 

house [Sulaiman et al;1983]. 

In India they have developed a lime-pozzolan material known as "Lympo" consisting of pre- 

crushed bricks interground with lime which is similar to surkhi but is more consistent [Spence; 1980]; 
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this material solves some of the substantial problems in the past with quality control over surkhi 

manufacture [HABITAT;1985]. 

Throughout Asia, rice husks are in great abundance and a substantial amount of research has 

occurred to determine their suitability for construction. The burning process of rice husks allows one 

to produce varying qualities of the RHA product. Rice husk ash can be produced by one of three 

methods [Cook; 1980]. 

1. Controlled burning: a simple furnace can be used consisting of a modified oil drum with a 

chimney. The idea is to control the amount of oxygen within the drum so that the burning 

temperature is within the 450-750°C range. If the burning is correct the ash is light-grey to 

white colour. If the firing temperature is too low the ash is dark grey to black in colour 

because of the presence of unburnt carbon. To produce a suitable cement, 20-30% of lime 

needs to be interblended with the RHA. 

2. Lime-sludge Method: where appropriate lime sludge from sugar refining is mixed with rice 

husks, formed into balls and sun-dried. The balls are then burnt in a simple kiln and ball- 

milled. Some experiments have also been performed with a clay (especially bauxite clay) 

instead of lime sludge. 

The material shows fast setting and is suitable for brick-masonry mortar, plaster and 

foundation concrete. The compressive strength of a 1:3 cement:sand mortar made from this 

material is 5 MPa with an initial setting time of 60-70 minutes and a final set of 8-10 hours 

[De et al;1980]. Setting times for RHA-lime cement prepared by controlled firing can be as 

low as 75 minutes, while the setting times for lime-sludge:RHA cements has been found to be 

as low as 45 minutes [Cook; 1980]. Suitable soil-ash building bricks have also been manufac- 

tured with rice husk ash, using any soil with a clay content between 40-85% [Hough;1956]. 

3. Uncontrolled burning: Although uncontrolled burning produces an ash which is high in 

crystalline content, the material still has some pozzolanic properties. When ball-milled with 

lime a lower-grade pozzolanic cement can be produced. 

For rice-husk ash production a suitable mill is Im in diameter by Im long driven by a 6hp 

motor. On average, the capacity is approximately 1/3 tonne/day for a 150kg cement : 500 kg cast 

iron ball charge. However, grinding times under some conditions can be as high as 7 hours in order 

to obtain a target fineness between 10000-20000 cm2/g Blaine. It should be kept in mind that if such 
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methods are to be employed in the field the Blaine test is not suitable and another simpler technique 

needs to be found and proven. 

Application of pozzolans in other parts of Asia have also been reported. Part of Java, 

Indonesia is volcanic and a rich source of pozzolanic materials. Good quality limestone is also 

available so that kilns can be located near pozzolan quarries. Accordingly, 20:80 lime:trass blocks 

are produced either by hand or with a mechanical vibrator/press. Blocks are cured under ambient 

conditions for 28 days while in some cases a "greenhouse" curing is employed. The blocks are very 

popular and the whole community appears to be involved with the industry in one way or another 

[Coad;1974]. Two technical problems have been encountered [HABITAT; 19851: (a) slow setting, 

and (b) high shrinkage/swelling deformation which causes cracking in walls. These problems can be 

solved if curing is extended for longer periods. 

There are many labour-intensive small-scale block-making industries in operation around the 

city of Bandung just east of Djakarta [Abbas;1980]. These industries are providing brick and block- 

size elements for low-cost housing projects; the method of block-making with a trass-lime blend is 

now practised all over Indonesia wherever deposits exist. Lembang trass is mixed with 20% lime and 

sufficient water for compaction to make blocks. Moulding and compaction is normally by hand and 

blocks are cured under ambient conditions for 28 days before sale. These blocks are used in the city 

of Bandung but are not of ideal composition because shrinkage cracks in the walls are common 

[Spence;1980] [HABITAT; 1985]. Floor tiles are also manufactured, but it has been found that a 

cement topping is required. Recently, however, the use of lpc is has been declining due to competi- 

tion from the Portland cement industry and because the quality of lime and pozzolan has been 

declining. 

Africa 

In Tanzania, a 1:2:9 lime:pozzolan:sand mixture with a water content of 15% gave 6 MPa 

strengths after 7 days water curing [HABITAT; 19851. The production process consists of making 

lightweight pumice-pozzolime blocks having the dimensions 450x225x150mm. These blocks have 28 

day strengths of 3 MPa and mortar (1:2:6) gave 2 MPa strengths at 28 days. Cost analysis showed 

that pozzolime could be sold at about 70% that of Portland cement. Blocks could be sold at about 

25% saving over equivalent concrete blocks. 

Much of the development of volcanic ashes in Africa has occurred in Tanzania [Spence;1982]. 

A fine volcanic ash inter-bedded with bands of pumice is being used at Mt. Meru in N. Tanzania to 
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make mortars, plasters and blocks. A "pozzolime" cement is made from a ratio of 1:2 lime:pozzolan, 

or a 1:1 ratio in locations where the lime is less pure. 25mm mortar cubes 1:2:9 1 ime:pozzol an: sand, 

cured for 7 days in water give strengths of 6 MPa. 

An external plaster is also produced consisting of 1:1:2 lime:pozzolan:sand gave an excellent 

product. Further experiments were performed to look at reducing the lime content, and 1:1:4 and 

1:2:6 plasters gave 28 day strengths of 2 MPa; 2 MPa has been found to be about the minimum 

strength acceptable for a plaster which gives adequate durability and weather resistance. It is 

significant to note that no grinding is required in the production of these materials. 

Building blocks with a 28 days strength of 3 MPa are also being produced. Local pumice is 

used as an aggregate and the block proportions are 1:3:3 lime:pozzolan:pumice with water added for 

a "just cohesive" mix". 450x225x150mm blocks are produced on a conventional manually operated 

machine; these blocks have a density of about 1000 kg/m'. Particular attention is paid to the curing 

of the blocks (often overlooked) - the blocks are moist-cured for 2 weeks and then allowed to dry 

for two weeks before being made ready for sale (other researchers have also recognized the import- 

ance of curing in the field. Coad [1974] examined lime:pozzolan mixes varying from 1:2 to 1:4. 

Blocks were manufactured from lime-pozzolan cements and cured in a "greenhouse" environment for 

28 days prior to sale). 

In Tanzania, regular quality control of the blocks is determined by a durability rather than a 

strength test. Three blocks are soaked overnight from each batch and dried in the sun during the day. 

This is repeated for 7 days and the surface of the blocks is examined for pitting or other signs of 

deterioration. 

In another project in the Arusha-Moshi region of N. Tanzania a yellow fine-grained tuff, 

without grinding, is used for blocks, mortars and plaster. The lime:pozzolan mixture is manufactured 

in 1:1 proportions and is used with sand to make mortars or with pumice to make blocks [HABI- 

TAT; 1985]. 

In Rwanda OPC costs $280 per ton at the plant and $340 per ton transported. Large 

quantities of volcanic ash exist at Ruhengeri and a limestone quarry is close by. Blended cement is 

produced by intergrinding OPC, lime and pozzolana in proportions 25:12.5:62.5 to a fineness of 

3500-4000 Blaine. Cement is then bagged and sold as masonry cement at a price of $170 per ton. 

Difficulties have been encountered with the quality of limestone, and the pozzolans, even though 

finely ground, are only moderately reactive; thus a larger amount of OPC is required for acceptable 
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setting and hardening. The other problem is that no acceptable standards have been established so 

that the binder has not been accepted for government projects [HABITAT; 1985] [Spence;1982]. 

Laterite soils have also been used to obtain practical results. "Latoblocks" have been 

manufactured from soils based upon a reactive mixture containing lateritic soil and lime mixed and 

moulded under pressure and then subjected to a curing regime at 100°C. A wet compressive strength 

between 5 and 15 MPa is obtained. Water absorption is 12% and the blocks show sharp corners and 

smooth faces with no warping. The blocks pass the "drop test" from 2 metres and show good 

plasterability [Subrahmanyam et al;1983]. 

South/Central America 

Satisfactory blocks for one and two-storey housing are presently being researched in 

Guatemala [Day et al;1989]. These blocks are cured in tents placed in the field in which temperatures 

consistently reach 45°C for long periods. This is a very economical way to cure a product that 

requires heat treatment in order to achieve acceptable strength levels before sale. 

Although the blocks can be heat cured, the mortar and grout cannot. It may be necessary for 

small amounts of OPC to be added to the lime:pozzolan mortar/grout blend in order to achieve 

acceptable setting times and strength development. Various mortars intended to be used as block 

material were made from lime:pozzolan cements at lime levels between 10 and 30%. The pozzolan- 

/lime blend was ground for either 1 hour or 2 hours. Figure 34 shows that, with consideration given 

to both cost and strength, the 20% lime level appears to be the optimum. Grinding for one hour is 

acceptable but grinding for two hours is better (although this escalates cost). Note that none of the 

blocks meets the Indian standard for block strength of 7.5 MPa (ISA:5317). 

Lopez [1983], examined the manufacture of blocks using pozzolans from Ecuador. In this 

case coarse pozzolans were used so that the pozzolan acts like an aggregate as well as a cement. 

Typical block mix proportions were 80% pozzolan, 20% lime and 20% water. Block density ranged 

from 0.64 to 1.28 g/cm' and water absorption was 26-67%. Compressive strengths were very low, 

ranging from 0.1 to 0.8 MPa; the average was around 0.4 MPa which is much lower than the 

minimum 6 MPa required by Ecuador standards. 

In Argentina, it has been reported that a volcanic tuff can be used as solid blocks but can also 

be ground to a powder and used as a pozzolan or masonry cement [De De Maio, 1987]. 
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Figure 34: Strengths of Guatemalan Mortars (Day et al; 1989) 
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Europe 

In Europe, Collepardi [1976] has examined some low-cost methods to produce suitable 

building materials. He reports on some tests to examine the potential to produce sand-lime bricks 

made with pozzolan and low-pressure steam curing (50-90°C) rather than autoclaving. 

A normal sand-lime brick is autoclaved at 170-210°C and strengths between 10-16 MPa are 

achieved. Very fine sand and a high temperature and pressure are required to initiate the reaction 

between sand and lime to form a cementitious binder. 

For these experiments 4 finely ground Italian pozzolans were used with reagent grade lime in 

lime:pozzolan proportions 3:1, 1:1 and 1:3; no sand was used. Samples were compacted at a 

pressure of 130 MPa; in this pilot study 015x7.5mm discs were prepared and saturated steam cured at 

either 50, 70 or 90°C. The results are summarized in Figure 35; the strengths of these small discs 

are very good and provide an indication that full-scale production of pozzolan:lime bricks is feasible. 

In other research, Feret (reported in 140;1956) found that the optimum percent lime for 

maximum strength at 1 year was in the range 30-35% for bending strength and 25-30% for 

compressive strength. Figure 36 shows the strength development of concretes made with a 1:2 and a 
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20% : 2HR 

40%: 1 HR 

30%: 1 H R 

20%: 1 HR 

10%:1HR 



MANUFACTURE OF LIME-POZZ BRICK MATERIAL 
LOW PRESSURE STEAM CURED 

SALONE--1:1--70C--15h 

SALONE-1:3-70C--24h 
SALON E--1:3--70C--15h 

SALONE-1:3--90C--15h 
SALONE-1:3--70C-15h 
SALONE-1:3--50C-15h 

SACROFANO-3:1--70C--15h 
SEGNI--3:1--70C--15h 

BACOLI-3:1-70C--15h 
SALON E--3:1-70C-1 5h 

SACROFANO--1:3--70C--15h 
SEGNI--1:3--70C-15h 

BACOLI-1:3--70C-15h 
SALO N E--1:3--70C--15h 

0 10 20 30 40 50 60 
STRENGTH MPa 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0+ 
0 

Strength of Mortar Mixes 

Figure 35: Strength of Italian Pozzolans (data from Collepardi, 1976) 
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1:4 lime:pozzolan cement (figure (a) is a linear plot while figure (b) is a semi-log plot of the same 

data) - the concrete was cast with a 50mm slump and stored at 18°C after an initial moist cure of 14 

days in air. The figure shows that the 1:4 mix is the stronger which, of course, is also the more 

economical mix. 

PROPERTIES OF LIME-POZZOLAN CEMENT AND CEMENT PRODUCTS 

In developing a new material, the three most important aspects of the material to be 

considered are strength, durability, and economy of production and implementation. 

STRENGTH 

Some results from traditional Greek and Italian lime:pozzolan mixtures are discussed first 

since these materials have been used for many hundreds of years. In one study, [Efstathiadis;1978], 

long term strengths of mortars and pastes manufactured with Santorin earth were shown to be appreci- 

able. A paste made with 7:2 pozzolan:lime and seawater reached a strength of approximately 10 MPa 

at an age of 13 years. A mortar consisting of 6:2:1 pozzolan:lime:sand by volume had a strength of 

1.8 MPa at 4 months, 3.2 MPa at 22 months, 4.4 MPa at 27 months and 5.4 MPa at 4 years. The 

specimens were cured in seawater. 

Costa and Massazza, [1981], examined the reaction of 5 different Italian natural pozzolans 

and 3 different Italian fly ashes. Strength behaviour of 30:70 lime:pozzolan mortars (sand:cement = 

3:1) is shown in Figure 37. The natural pozzolans were found to give the better strengths at the 

30:70 replacement level, while fly ashes perform better when the lime comprises 45% of the cement. 

Fly ashes appear to perform better than natural pozzolans with cement, while fly ash is inferior to 

natural pozzolans when lime is used. There is no clear explanation for this. 

Research on Guatemalan pozzolans, [Day et al; 1988], examined various mortars that were 

made with 20% lime and 80% pozzolan cements and a sand:cement ratio of 3.0 by volume. Two 

other mortars were made with a 50:50 mix of Canadian masonry cement and Guatemalan natural 

pozzolan. All mortars were made with a constant flow, similar to a mortar mix that is typically found 

in the field. Miniature 18mm diameter mortar cylinders were cured for 7 days at 50°C and 

compressive strengths were determined as shown in Figure 38. Most of the pozzolan:lime cements 

give strengths at 7 days of about 4 MPa, including the masonry cement control mix. The perform- 

ance of the fly ash and volcanic ash are similar (note that these two materials gave approximately the 
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same X-ray trace). Also note that the combination of masonry cement and pumice gives much higher 

strengths than all of the other blends. This is an interesting result with potential economic importance 

and should be investigated further. Pozzolan:lime mortars made with Guatemalan volcanic ash and 

pumice also have equivalent strengths to those manufactured with Cape Verde Islands pozzolan 

[Huizer & Day;1988]. 

In other research on volcanic ashes, [Stacey, year unknown], Various red ashes found on the 

Island of St. Vincent, British West Indies were used to cast pozzolan:lime concretes which were tested 

for strength. Figure 39 shows the strengths achieved for 1:4:8 concretes manufactured with a cement 

consisting of 2:1 pozzolan to lime and a coarse aggregate that was also of volcanic origin. It can be 

seen that the strengths at 28 days for all concretes are less than 4 MPa but that later-age strengths of 

the calcined pozzolans are sufficiently high that this material may be used for some practical 

applications on the island. 

The rapid strength gain of rice husk ash:lime cements has been examined in some detail. For 

example, Figure 40, [Mehta & Pitt; 1976], shows the strength development of RHA mortar cubes. It 

is significant to note that an 80:20 ash:lime blend produces a mortar strength of greater than 10 MPa 

at 3 days and greater than 35 MPa at 28 days. Such strengths are more than sufficient for the use of 

the material for masonry construction. 

A controlled burn RHA (600°C) was used to make lime:RHA mortars with a cement:sand 

ratio of 1:3 and tested according to ASTM C109 [Cook & Suwanvitaya;1981]. The cement 

proportions were 1:4; 1:1.5; 1:0.67 and 1:0.25 lime:RHA. Mortars were fog-room cured for 1 or 2 

days and then cured in limewater at 200°C until test. Cube strength and shrinkage were determined 

(ASTM C157). Figure 41 shows that the best strengths at 28 days were obtained with the 1:1.5 

lime:RHA mix; this mix also showed the lowest shrinkage. However, all mortars were over the 

4MPa strength level; a carbon content of up to 20% by mass in the ash did not significantly influence 

the strength development. 

In another project, the use of rice husk ash to make full-size building blocks was examined. 

For all cement contents the strength of rice-husk ash block was greater than the corresponding OPC 

block [Dalimier;1988]. 

Another group of pozzolanic materials also shows superior strength properties. Diatomaceous 

earths as a group exhibit the highest strength, highest resistance to sulphate attack and the highest 

grindability. However, they also exhibit the largest shrinkage strains on drying. Volcanic silicas 

exhibit good properties but do not shrink as much [Davis et al; 1935]. 
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The use of surkhi results in lower strength, but often acceptable, building materials. The 

strength of mortar cubes made with various proportions of cement, lime, pozzolan and sand were 

examined and results compared to the minimum standards for masonry construction set down in 

Britain, Australia and India [Hamid et al;1982]. The pozzolan used was made from rejects of fired 

bricks, crushed & pulverized. The PAI index with lime at 28 days was low - 1.53 MPa. Compari- 

son of the strength results with the standards requirement is given in Table XX, and Figure 42 

summarizes these results. The one mix that used a pozzolan (M5) showed strengths lower than 1 

MPa; however, this strength is above the acceptable 0.7 MPa in the Indian standard. 

In India other researchers, [Massood et al; 1983], have developed an "activated lime pozzolana 

mixture" (ALPM) in which compressive strengths vary from about 2.8 MPa to 11.4 MPa. Cost 

savings are also considerable and a 5:1 sand:ALPM by volume is about 33% cheaper to produce than 

a 6:1 sand:OPC mixture. Activation details are not given. 
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mix proportions l Mean Minimum Standard Requirements 
mortar Port. 

cem. 

hydr. 
lime 

Pozz Sand I Strength 
MPa 

l 

l BS6528 AS1640 IS1905 

MO 1 0.75 4 l 8.5 6.5 8.3 4.9 

Mi 1 1.5 5 ( 3.7 3.6 4.1 2.9-4.9 

M2 1 6 1 3.8 2.9-4.9 

M3 1 3 8 ( 1.2 1.5 1.6 2.9-4.9 

M4 1 8 1 1.8 

M5 1 1 2 l 0.9 0.7-1.5 

M6 1 4.5 10 l 0.4 0.7-1.5 

M7 1 3 1 0.1 0.5-0.7 

Strength tests using 100mm mortar cubes. All mortars except M5 stored 3 days under polyethylene 
and then in water until age of test at 28 days. Mortar M5 stored under wet sacking after 3 days 
and M7 stored under wet sacking entire time. This is because MS disintegrates when stored under water. 

Codes: [1] BS5628--British Standard for unreinforced masonry; [2] AS1640--Australian Standard for brickwork; 
[3] IS1905--Indian Standard Code of Practice for Masonry Walls 

Table XX: Strength of Various Mortars (Hamid; 1982) 
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Figure 42: Strength Results of Table XX 
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DURABILITY 

Very few studies on the durability of lime:pozzolan cements have been performed. The 

principal attack mechanisms that might be of concern in most countries are sulphate attack, wet- 

ting/drying durability & permeability, and possibly freeze/thaw attack. 

It is well known that many pozzolans increase resistance to attack in sulphate bearing waters. 

One mechanism by which resistance increases is where the pozzolanic hydrates exert an "effective 

protective action" on the aluminates [Turriziani & Rio;1960]. Other mechanisms such as removal of 

calcium hydroxide from the system and improvement of the permeability of the material also play 

critical roles. It is also possible that the stability of aluminates and ettringite in the absence of 

calcium hydroxide is affected; this protective action may come into play when the S/A ratio in the 

cement is approximately 6. 

In one study, three different types of sulphate resistance tests were performed to evaluate 

various American pozzolans. It was found that the highest resistance to sulphate attack was exhibited 

by diatomaceous earths; volcanic glasses were second [Davis et al;19351. 

Mortars made from coarse pozzolans from Iceland have been tested for freeze-thaw resistance 

- an important property considering Icelandic conditions. Under a severe f/t test it was found that 

performance was poor. If such pozzolans are to be subjected to severe f/t conditions it is necessary to 

crush them and properly blend with lime and gypsum [Larew;1976]. 

The only other reference to durability of lime:pozzolan mixtures that this author could find 

relates to rice husk ash [Cook & Suwanvitaya;1981]. Lime:RHA mortar mixes were subjected to 

wetting/drying durability tests after 28 days moist curing. This test consisted of cycles of 25 minutes 

of flooding with water @ 18°C followed by 25 minutes of heating @ 45°C. A high-quality 

controlled-burn RHA was used, and various lime:RHA proportions were used from 1:4 to 1:0.25. 

Resistance was determined by the weight loss of the sample. The 1:4 lime:RHA showed very poor 

durability, losing almost 20% of its weight after 18 weeks of testing. Other mixes showed less than 

2% loss in the same period. From a durability point of view a 1:1 mix was the best although a 1:1.5 

mix was the best with respect to strength. 

There is clearly a paucity of research on the durability of pozzolime cements. The reasons 

for this are probably centred about the overbearing importance that is given to strength development 

in most of these mixes. However, it must be realized that acceptable strength and acceptable 

durability do not necessarily go hand in hand. Future tests should give equal importance to studies of 

durability specific to the country for which pozzolanic deposits are to be developed. 
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ECONOMY 

Economy of production has already been mentioned at several locations in this report. In this 

section a few more examples are reviewed of the degree of economic savings that can be achieved 

with the use of lime:pozzolan cements. 

There are several advantages to encouraging lime production (and use of pozzolans) rather 

than building cement plants: these are (a) savings in capital, (b) savings in foreign exchange, (c) 

savings in cost of technical expertise (usually foreign), and (d) creation of employment, mostly at the 

low-level skill [Spence;1982]. 

The manufacture of other types of modern building materials is also energy intensive. In 

brick production, for example the energy requirements for 1000 bricks in a modem factory is 4800 

MJ; by traditional wood fired clamp (East Africa) 16000 MJ; by traditional coal-fired Bull's trench 

5400 MJ; and by coal fired clamp in India and Turkey 8600 MJ [Stulz; 1983]. This energy consump- 

tion could be reduced drastically or deleted entirely if satisfactory pozzolime:sand bricks or fired 

pozzolan bricks could be used in place of clay bricks [Day & Bergman; 19881. 

With respect to cement, it has already been mentioned that the cost of Portland cement in 

many countries is extremely high. Another example occurs in Guatemala where a bag of cement in 

Guatemala city (50 kg) costs $8 CAD while a bag of lime (50kg) costs $4.65 CAD [Day et al;1989]. 

It is feasible for one to market an 80:20 pozz:lime cement, produced locally, at 1/2 the cost of 

Portland cement. 

The use of rice husk ash to make blocks has been examined in Colombia [Dalimier;1988]. 

Researchers there found a savings in cost of 19% to make blocks compared to OPC blocks. These 

blocks are full size, 3 cavity, 40cm x 10cm cross-section x 20cm deep. 

In order to fire rice husks correctly and efficiently it may be necessary to make a substantial 

capital investment. Smith, [year unknown], notes that £12,000 UK capital investment is required to 

set up a RHA cement plant. However RHA cement can be up to 45% cheaper than OPC in the 

market. This cost is returned in the long term because it is estimated that the cost per tonne to 

produce lime-RHA cement is about 1/3 that of Portland cement [Spence & Cook; 19831 and lime-RHA 

cement, properly prepared, is a high-quality product. Small plants that produce 1-5 tonnes per day 

are also compatible with village industry. 



SiO2 + A1203 + Fe203 (S+A+F), min, % 70% 

SO31 maximum 4% 

Loss on ignition, maximum 10% 

Moisture content, maximum 3% 

Available alkalis as Na2O, maximum 1.5% 

Retained on #325, 45µm sieve, maximum 34% 

Pozzolanic activity index (PAI) 

with OPC, % of control at 28 days, minimum 

with lime, 7 days, MPa, minimum 

75% 

5.5 

Water requirement, maximum, % of control 115 

Autoclave expansion or contraction, maximum % 0.8 

shrinkage, difference from control at 28 days, maximum (optional) 0.03 

alkali agg., reduction in mortar expansion at 14 days (optional) 75% 
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Table XXI: ASTM C618-89 Specifications for Class N Pozzolan for Use as a Mineral Admixture in 
Portland Cement Concrete 

PORTLAND-POZZOLAN CEMENTS 

A review of some of the older literature on Portland-pozzolan cements prior to 1960 can be 

found in the work of Malquori [Malquori;1960]. 

STANDARD SPECIFICATIONS 

Where a natural pozzolan is to be used with Portland cement in concrete, ASTM C618-89 sets 

chemical, physical and performance requirements. Natural pozzolans are referred to as "Class N" 

pozzolans, defined by ASTM as: 

"Raw or calcined natural pozzolans that comply with the applicable requirements for 

the class as given herein, such as some diatomaceous earths; opaline cherts and 

shales; tuffs and volcanic ashes or pumicites, any of which may or may not be 

processed by calcination to induce satisfactory properties, such as some clays and 

shales" 

The ASTM C618-89 specification for Type N pozzolan is given again in Table XXI. With respect to 

performance, the most important test is the Pozzolanic Activity Index test; if the pozzolan is to be 

used in Portland cement concrete then the test should be performed with cement. In this procedure 



Country 
Max. 

allowed 
replacement, % 

Italy no limit 
Argentina 50 

Chile 50 

China so 

Indonesia 50 

Brazil 40 

Canada 40 

Cuba 40 
Finland 40 

GDR 40 
GFR 40 

Greece 40 

Korea 40 

Mexico 40 

Netherlands 40 

Peru 40 

Turkey 40 

U.S. 40 
France 35 

Japan 30 

USSR 30 

Yugoslavia 30 

India 25 

Austria 20 

Belgium 20 

Hungary 20 

Poland 20 

Spain 20 

Morocco 15 

Rumania 1 

South Africa 15 

Iceland 10 

Italy allows any amount ofpozzolan to be 

used as long as the specifications with 
respect to activity are met. 

Table XXII: 
Maximum Replacement Level 

in Various Countries 
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mortar specimens are moulded from a control mix and 

from a test mix according to ASTM test method C 109. 

In the test mix 35% of the absolute volume of the 

amount of cement used in the control mix is replaced 

by an equal absolute volume of the pozzolan. Speci- 

mens and moulds are first stored in a moist room at 

23±1.7°C for 20 to 24 hours, demoulded, and then 

sealed and stored at 38±1.7°C for 27 days at which 

time compressive strength is measured. The control 

specimens are treated identically to the test specimens 

and the PAI is stated as a percentage strength of the 

control cubes. 

Countries which officially permit 

pozzolans:cement blends to be specified according to 

the standard for cement allow anywhere from 10% 

replacement (Iceland) 50% replacement (Table XXII) 

[Cembureau;1980]. It is interesting that Italy adheres 

strictly to a performance specification and does not set 

a limit on the amount of pozzolan that can be used; the 

requirement is that compliance with the pozzolanicity 

test must be met. Specifications for the use of natural 

pozzolans in OPC concrete also exist in the countries of 

Bulgaria, Czechoslovakia, and Portugal [Mather; 19681. 

APPLICATIONS 

In Northern Europe Portland:pozzolan cements, rather than lime:pozzolan cements, have 

developed because of the colder climate; the lime:pozzolan cements do not harden fast enough. In 

Germany, concretes with the proportions 1 OPC : 1.25 lime : 2 trass : 6.75 sand : 13.5 ballast, have 

been used for lock construction. In Italy pozzolanic cements (OPC + pozzolan) have become 

common, where 30-40% of pozzolanic cement is used widely, in the same mix proportions as 

Portland cement for general construction purposes. Trass-OPC cements are marketed in Germany 

which contain 20-40% trass [Lea; 1970]. 
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Many applications of pozzolan-OPC cements relate to mass concrete construction in the 

United States in the first half of this century (see history section above). The early use of pozzolanic 

material for dams and other major structures was for two reasons: (a) the pozzolan was generally 

located in the vicinity of the structure, and (b) the large amounts of concrete involved were sufficient 

to support the extraction costs and to make the use of pozzolanic material economically attractive 

[Price; 1975]. Because of the economics a substantial amount of research was performed on all kinds 

of pozzolanic materials found in the U.S. 

Natural pozzolans have many general effects on engineering properties of OPC concrete that 

are advantageous [Mather;1968]: reduction in cost of construction, improvement in workability, 

decrease in permeability, reduction in heat of hydration, increase in resistance to sulphate waters, 

reduction in expansion due to alkali-aggregate reaction, and often higher ultimate strength. The 

principal disadvantage is the lower rate of strength gain that is observed at early ages. 

For mass concrete, Hough & Barr [1974] have noted that concretes can be produced with as 

low as 36 kg/m3 of cement and with a water content less than 48 kg/m3. The choice of the pozzolan 

must be carefully made and, since a water reducer must be used, it also must be thoroughly tested. 

Pozzolan concretes with strengths in excess of 14 MPa and as high as 23 MPa can be obtained with 

65% of cement replacement by pozzolan. 

At the other end of the scale, research shows that finely ground U.S. diatomite can be used at 

4-8% replacement levels to reduce the cement content required in a concrete by about 50 kg/m3 

without appreciable reduction in strength and with substantial improvement in drying shrinkage and 

freeze-thaw resistance. There is also a substantial reduction in segregation and bleeding and therefore 

no surface cracking. It is noted that the use of this material would especially benefit pavement 

construction. These results are contrary to the normal belief that the very high reactivity of diatomite 

leads to excessive shrinkage and problems with freeze-thaw resistance [Davis & K1ein;1950]. 

Higgs [1974] reported on a volcanic ash deposit near Arlington, Oregon that was used in the 

Green Peter Dam and John Day dam construction. The material contained 95% glass shards and 

required only drying and grinding prior to use. Another use in 1974 was near Huntington, Oregon 

where the Oregon Portland Cement Company made use of volcanic cinders. Only black cinders were 

found to be suitable; these contained 55% silica. Higgs also noted the use of opaline gangue and 

tailings from stockpiles of a mercury reduction operation near Weiser, Idaho; this material helped 

produce the Lower Snake River dams. 
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Some early research in the U.S. on block production also led to some success. Wagner, 

[Wagner; 1946], reports on blocks made using a mixture of Portland cement, Oregon tuff and volcanic 

cinders also found in Oregon. The mix proportions were either 1:6 cement:tuff, 1:1:5 

cement:sand:(tuff or cinders) or 1:1:5 cement:diatomite:tuff. Full size hollow blocks were made, sun- 

dried under wet burlap, cured for 42 days, and then tested for crushing strength. Test results are 

shown in Figure 43 where it is shown that many of the mixtures gave satisfactory results but the 1:6 

cement:black cinders was superior to all others. The weight savings over an ordinary block were 

found to be 30-50%. The one drawback of the blocks was their tendency to take on water at an 

excessive rate; at the same time they were also able to dry out rapidly. 

More recently, [Mielenz;1983], it is reported that natural pozzolans are used in California at a 

typical rate of 42 kg/m' of concrete, replacing an equal weight of OPC. The primary objectives of 

this use are (a) to reduce alkali aggregate expansion; (b) to increase resistance to aggressive media; 

(c) to reduce energy consumption, and (d) to reduce the cost of the cement. On the negative side, 

creep and shrinkage generally increase. Northern California authorities often require 15% replace- 

ment of a Type II cement by pozzolan for construction of concrete pipe for sanitary projects where 

durability may be a problem [Everett;1967]. 

COMPRESSIVE STRENGTH OF BLOCKS 
MADE FROM OREGON POZZOLANAS 

Comm. Diatomite-tuff block [1] 

Comm. cinder block [1] 

Comm. pumice block 

Black cinders with sand 

Black cinders 

Red cinders with sand 

Red cinders 

Tuff with Diatomite 

Tuff with Sand 

Straight tuff 

0 2 4 6 8 10 12 
CRUSHING STRENGTH (MPa) of gross area 

Figure 43: Block Strengths (after Wagner; 1946) 
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The U.S. has also been a centre for early work on the utilization of rice husk ash. The first 

reported use was in 1923 when a house was built in Louisiana from blocks made from cement and 

burnt rice hulls. In 1956 it was in excellent condition. The "Ricement" blocks need to be coated to 

keep them from the weather [Hough;1956]. More details about "Ricement" are provided by 

McDaniel [1946] who reported that rice husks produced by uncontrolled burning can be used to 

manufacture building blocks using cement, rice hulls and the burnt ash (1 cement: 1 hulls: 2 ash by 

volume). "Ricement" can be used to produce "rice blocks" which can be cut with a hand saw, are 

sufficiently strong and a 13x20x30cm block weighs only 7.3 kg. The material has other applications 

such as roofing, flooring, tiles, soil pipe and fence posts. 

Research has also been performed at Louisiana State University on RHA [Hough; 1956]. The 

main objective was to develop a concrete block production method that could be used by an individual 

farmer or small contractor. The requirements of such a block are: sufficient strength, lightweight, 

resistant to insects and rodents, flame resistant, reasonable drying/wetting deformations to avoid 

cracking, high insulating properties, nail holding ability, good surface texture, and reasonable cost. 

Blocks made from OPC, RHA and hulls appear to satisfy many of these requirements. Table 

XXIII shows some strength results on blocks made with this type of material. Although strengths are 

reasonably high, note that there may be a deficiency of lime in the mix; when lime was added as an 

extra to a 1:4:2 mix, strength jumped from 4.5 MPa (no lime) to 10 MPa. 

It is reported that RHA can also be used in mass concrete at a 30% replacement level. Seven 

and 28 day strengths are higher than the control mix and adiabatic temperature rise is 10°C lower 

than the control after 28 days curing [Mehta & Pirtz;1978]. 

Dam construction outside of America has also used natural pozzolans [Hazra & 

Krishnaswamy;1960]. The Bhakra dam project in India used 10% calcined shale as a pozzolan to 

manufacture 3.7x106 m3 of concrete. Most pozzolans used for large projects like this have been 

calcined clays and shales. In any event, the Indian standards require a mortar strength of 11.5 MPa 

at 3 days and 17.9 MPa at 7 days for pozzolan:opc related construction [Mazumdar & Bagchi;1969]. 

In another study, shale, calcined at 760°C for 2 hours, was used for dam construction in 

India. Replacement to 20% reduced bleeding and increased workability. Although compressive 

strengths were slightly depressed at early age, at 1 year there was practically no loss in strength. 

Permeability was reduced and there was no adverse effect on shrinkage, thermal expansion or 

resistance to abrasion. Adiabatic temperature rise was considerably reduced and resistance to sulphate 

attack was increased. The use of this material for dams was recommended [Khanna & Puri;1957]. 
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cement:ash:hulls 

Strength (MPa), 75mm 
diameter cylinders made from 

block material 
Density 
kg/ma 

7 d 28 d 

1:1:1 7.5 10.0 1611 

1:1:2 4.6 7.0 1510 

1:1:3 2.0 2.5 1306 

1:2:1 5.1 8.1 1483 

1:3:1 4.9 6.7 1446 

Table XXIII: Strength of RHA/OPC blocks (data from Hough, 1956) 

Soroka [1976] examined the use of scoria for use in concrete. Scoria is a volcanic rock which 

is normally used only as a coarse or medium size aggregate for lightweight concrete. However, when 

powdered to a Blaine fineness around 5000 cm2/g it can act like a pozzolan. Tests performed in 

accordance with ASTM C595 give a pozzolanic strength of 3-4 MPa where ASTM requires 5.6 MPa 

for a pozzolan suitable for the manufacture of Portland-pozzolan cement. Various concretes were 

manufactured and it was found that for intermediate strength mixes an average reduction in the 

quantity of Portland cement from 14-20% could be realized if powdered scoria of sufficient fineness 

is used to partially replace the cement and sand. 

In South America, research on a volcanic ash from Colombia was performed where it was 

blended with OPC at up to 40% replacement levels; this material proved to be highly reactive and 

gave strengths higher than the control at 28 days. Typical strength results on ASTM C109 mortar 

cubes are shown in Figure 44 [Delvasto;1986]. The diatomaceous earth that was tested performed 

very poorly (worse than the inert material). The author concludes that a replacement level of about 

20% is optimum. 

An unusual use of an indigenous material is reported by Finnish researchers [Ipatti, 1988, 

19891 [Heikkenen;1989]. High quality peat ash in Finland can be used to make concrete. 37% 

replacement gives strengths equivalent to the control OPC concrete at 56 days while 20% replacement 

can give equivalent strengths to the control after 7 days. Shrinkage is equivalent to the control at the 
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Figure 44: Strength of Colombian Pozzolans (Delvasto; 1986) 

37% replacement level and is less than the control at the 20% replacement level. Water uptake 

(permeability) is less than the control and there is good frost-resistance. Peat ash is a better 

performer in all respects when compared to a coal ash from Finland. 

PROPERTIES OF PORTLAND-POZZOLAN CEMENTS 

All cements, whether lime:pozzolan or OPC:pozzolan must produce building materials that 

exhibit attractive properties with respect to strength, durability and economy. Research concerning 

these three aspects of performance are now discussed in turn. 

STRENGTH 

A small amount of research has been reported on the use of traditional natural pozzolans, 

which are normally used in pozzolime cements, with OPC. For example, Water cured pastes of 

OPC:Santorin earth blends were tested for compressive strength at various ages to 365 days. Results 

are shown in Figure 45 [Mehta;1981]. The strength development is slower in the blended pastes 

when compared to the control, but beyond 28 days the figure shows that strengths are equivalent. 
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1d 

COMPRESSIVE STRENGTH 
SANTORIN EARTH PASTES 

3d 7d 28d 
AGE (days) 

90d 365d 

% OF SANTORIN EARTH IN BLENDED CEMENT 

-4w- 0% O 10% 20% ® 30% 

Figure 45: Strength of Santorin Earth Pastes (after Mehta;1981) 

In a West Indian study, [Vera;1963], various cement-pozzolan mortars were prepared from 

Dominican pumice and tested for tensile strength. A good correlation was found between the tensile 

strength of ASTM C190 tensile briquets and the compressive strength ASTM C109 mortar cubes 

(Figure 46). As shown in Figures 47 (a) and (b) the compressive strengths using two different types 

of pumice never was equal to the control strengths up to an age of 28 days. Nevertheless, strengths 

are still substantial. 

Alsac and Nadeau, [1965], compared the tensile and compressive strength gain characteristics 

of OPC found in Madagascar with an 85:15 OPC:Madagascar pozzolan blend. This type of pozzolan 

is the Nos-bd variety with a fineness varying from 2300 to 3900 cm2/g. The compressive strength of 

the OPC mix was 40.0 MPa at 28 days while the strength of the OPC:pozzolan mix was 36.0 MPa. 

No differences in setting time were found. 

Consistently, the behaviour of OPC:pozzolan blended cements show reduced strengths at early 

age and much improved strengths at later age. This is illustrated by the work of Furland and Houst, 

[Furlan & Houst;1980], who examined the compressive and flexural strengths of cement:trass 
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COMPRESSIVE vs TENSILE STRENGTH 
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Figure 46: Compressive vs Tensile Strength (data from Vera, 1963) 
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Figure 47: Strength of West Indian Mortars (data from Vera, 1963) 
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mortars. Strengths of 30% replacement mortars were substantially less than the control at 7 days but 

strengths at 90 days were equivalent in all cases. 

The effectiveness of a pozzolan depends to some extent upon the type of cement with which 

the pozzolan is blended. Figure 48, [Lea;1970], shows the strength performance of 1:2:4 

(cement:sand:coarse agg) concretes, w/(c+p)=0.60, made with blended cements with 40% OPC 

replacement. The strengths of 100mm concrete cubes were obtained at 28, 180 and 365 days curing 

in water at 18°C. Although strengths in all cases are less than the control mix, they are still 

substantial - strength of the control at 365d was 43.8 and 57.6 MPa with Cement types A and B 

respectively. The burnt clay and burnt shale are the best with respect to strength, while the ground 

sand pozzolan gives the lowest strengths. The influence of the cement type is clearly shown. The 

pozzolans are more efficient when used with the "lower quality" cement (cement A). It has been 

generally found for all types of pozzolans that they are more efficient when used in lower strength 

mixes. 

Some examinations have also been performed on Canadian materials. Various tests on a 

natural pozzolan from British Columbia, were performed to determine its suitability for concrete, and 
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to compare performance to that of fly ash from Washington, USA. The researchers found that the 

water demand of the natural pozzolan was greater than that of a similar fly ash concrete by 3-9% and 

that compressive strengths were 7.5-10.5% less. Also, the rate of strength gain at later ages in the 

fly ash concrete was larger than in the natural pozzolan concrete [Hardy Associates Ltd; 1983,1984]. 

On the other hand, another study, [Chen & Suderman;1987], tested two Canadian natural 

pozzolans from B.C. and Nova Scotia and found that the strengths of concretes made with 10, 20 and 

30% replacement were equivalent to most Canadian fly ashes. The degree of reactivity of some 

Canadian fly ashes is very good [Day; 1989]. For example, consider the research of Carette and 

Malhotra, [Carette & Malhotra, 1987], who tested 11 Canadian fly ashes for pozzolanic activity using 

the Pozzolanic Activity Index with lime (in MPa) and the Pozzolanic Activity Index with cement (% 

of control). Figure 49 shows that a positive correlation exists between the two test methods but also 

shows that seven of the Canadian ashes satisfy the ASTM standard requirements by a substantial 

amount (The ash that shows very high reactivity is a Canadian lignite ash). 

When rice husk ash is blended with Portland cement very high strengths can be achieved. 

Blends of RHA with OPC result in cement capable of producing mortars and concretes with strengths 

>55 MPa at 28 days [Mehta;1975]. One possible disadvantage of using RHA is that concretes and 

mortars made with RHA are black in colour. 

A surprisingly reactive material is bauxite waste. Bauxite waste in Ghana has been shown to 

produce concretes with good strengths and for some applications can be used to replace 40% of OPC. 

Figure 50 shows the strength development with time of 1:2:4 cement: sand: coarse aggregate concretes 

made with blended cements consisting of 0, 10, 30 and 40% replacement of OPC with bauxite waste. 

Figure 51 is a comparison of the strengths of various bauxite-waste concretes to similar control 

concretes (0% replacement) [Nwoko & Hammond;1978]. 

The use of less reactive material such as surkhi, and sandstone can also sometimes produce 

acceptable concretes. In one study, [Uppal & Singh;1955], 1:1.72:4.02 cement: sand: coarse aggregate 

concretes were made using OPC-surkhi blended cements at various replacement levels up to 30%. 

The compressive strength results are shown in Figure 52. There is a reduced strength for all mixes in 

which surkhi is used when compared to the control. However, replacement levels up to 15% may 

still give adequate strengths for many applications. 

Fine-grained gluconitic sandstone from the W. Egyptian desert, 3540 cm2/g Blaine, was used 

to make 50mm cement paste cubes with a w/c=0.25. Cement replacement levels varied from 0 to 
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Figure 49: PAI (lime) vs PAI (cement), data from Carette & Malhotra, 1987 
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Figure 50: Strength of Bauxite Concretes (data from Nwoko & Hammond, 1978) 
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Figure 52: Strength of Surkhi Concrete (data from Uppal & Singh, 1955) 
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50%. Specimens were cured in water and strengths were obtained at 3, 7, 28 and 90 days as shown in 

Figure 53. These test results indicate that fairly high strengths can be obtained even at 30% 

replacement levels while at 50% replacement strengths are fairly low [Suzanic & Hraste; 1978]. 

DURABILITY 

Concrete is an inherently porous material and as such can be susceptible to many forms of 

attack by aggressive agents such as sulphates, chlorides and acids if these chemicals are allowed to 

permeate or diffuse into the pore structure. A concrete with high permeability leaves the minerals 

within the microstructure exposed to chemical and expansive reactions involving a wide variety of 

attacking agents. 

In this regard, one outstanding contribution of the use of natural pozzolans (or pozzolans of 

any type) is reduced permeability. "The low level of permeability obtainable by use of a suitable 

fine, natural pozzolan in a lean concrete [such as curb and gutters and sidewalks], cannot be achieved 

by other practical procedures" [Mielenz;19831. It is fortuitous also that it is in the most porous, 
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leanest concretes that benefit the most from the use of pozzolans [Davis;19501; it is widely recognized 

that the pozzolanic efficiency is greatest when the porosity of the material is high. 

In the laboratory permeability is a very difficult property to measure accurately. Accordingly 

there is little research on the permeability of pozzolan:OPC concretes and there is no known research 

concerning modern permeability tests on Portland cement concretes made with natural pozzolans. 

It is worth noting one interesting examination, [Manmohan & Mehta;1981], where it was 

found that the relationship between permeability and pore structure changes, and the permeability of 

pozzolan pastes significantly reduces, if 2% additions of sodium, calcium or magnesium chloride are 

added to the mix. 

In the remainder of this section the durability of concretes made with natural pozzolans will 

be discussed with respect to the attack mechanisms (a) alkali aggregate reaction; (b) chemical attack 

mechanisms of sulphates, seawater, acid attack and corrosion; and (c) freeze-thaw attack. 

Alkali Aggregate Reaction 

One of the main reasons for the use of natural pozzolans in mass concrete construction is to 

deter or prevent alkali aggregate reaction. Alkali aggregate reaction in concrete occurs between (a) 

aggregates that contain reactive inclusions such as opals and cherts and (b) alkalis released during the 

hydration of Portland cement. The resulting reaction produces products that can exert expansive 

forces which can crack the concrete. The mechanism by which pozzolans deter aar is still rather 

cloudy, but one commonly held belief is that the pozzolanic reaction in some way ties up the free 

alkalis so that they cannot react with aggregate. 

The types of pozzolan that appear able to reduce or eliminate alkali-aggregate reaction are (a) 

materials with amorphous siliceous or siliceous/aluminous compounds - e.g. opals and some volcanic 

ashes; (b) calcined clays of montmorillonite which contain Ca as the exchangeable cation and which 

have been calcined at 540-980°C; (c) combinations of (a) and (b) - e.g. a calcined siliceous shale. 

Ample aar protection is normally achieved with 20-359 replacement of OPC [Mather;1968]. 

The alkali equivalent in a cement or pozzolan is determined as the % of Na2O + 0.658 x % 

K2O. If the alkali equivalent is too high deterioration due to alkali-aggregate reaction may result. 

The main question is whether the alkali equivalent of a pozzolan contributes to the effective alkalis 

(the alkalis that contribute to > 0.1 % expansion of mortar bars in the ASTM test). It is commonly 

understood that not all of the alkalis in the pozzolan should be considered effective because the 

pozzolan slowly releases alkalis into solution; at the same time, alkalis are tied up with the hydration 
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products while some become available to react with aggregate [Kollek;1989]. After extensive testing, 

upper bounds for the safe performance of blended cements with respect to alkali aggregate attack 

were derived. These upper bound lines for natural pozzolan, fly ash and slag are shown in Figure 

54. If, for a given % cement replacement the total alkali (defined on Figure 54) is below and to the 

right of the line then the blend should be safe against alkali-aggregate reaction. As one can see from 

the figure, natural pozzolans can contain more alkali equivalent than can fly ashes or slags and still 

pass the ASTM tests for alkali aggregate reaction. 

In another study, the best American pozzolans with respect to improvement of alkali 

aggregate resistance were found to be the porcelaineous shales and opaline cherts of the Monterey 

formation in California. Volcanic ashes such as Fresno pumicite are less effective but better 

performance can be obtained if these are ground [Stanton;1950]. 

In one large study, [Pepper & Mather;1960], twenty one pozzolans, including pumicites, tuffs 

and calcined shales from the U.S. show a beneficial effect against aar attack over and above that 

normally expected by dilution of cement. Calcined shale was required at 20-30% replacement levels, 

diatomite at 22% replacement, and volcanic glass at 30-35% replacement in order to be effective. 

Testing of Mt. St. Helens volcanic ash in concrete also showed it could reduce aar when used 

at 20% replacement levels. Expansion was 37% of the control expansion at 14 days and 42% of the 

expansion of the control at 5 months [Campbell et al;1982]. 

Canadian natural pozzolans have also been tested for improvement of aar [Chen & 

Suderman;1987]. The researchers tested two Canadian natural pozzolans from B.C. and Nova Scotia 

and found the Nova Scotia pozzolan especially effective in preventing alkali aggregate reaction in 

concrete. A blend of 70% high alkali cement with 30 % pozzolan was as good as a low alkali 

cement. The B.C. pozzolan was not as effective and a much higher replacement level than 30% 

would be required for it to be as effective as a low-alkali cement. 

Alkali aggregate reaction is not just a problem in North America. Figure 55 [Mehta;1981] 

shows results of tests on alkali-silica expansion of mortars made with various proportions of Santorin 

earth. The graph indicates that the use of this pozzolan reduces expansion and improvement is 

especially pronounced when a replacement level of 20% or greater is used. 

Very high alkali contents exist in the cements in Iceland (approx. 1.5% Na2O eq.); these 

levels are unavoidable. At the same time Iceland has an abundance of "moberg" or palagonite 

rhyolitic tuffs. It has been found that the rhyolitic glass makes a good argillaceous raw material for 

cement manufacture and aar is reduced. Diatomaceous earth can also be used as a pozzolan to reduce 



119 

SUGGESTED UPPER LIMITS FOR TOTAL ALKALI 
BLENDED CEMENTS OF ASH, BFS OR NPs 

3.5 

2.5 
FLY ASH 

20 30 40 50 60 70 80 
% OF POZZOLANA IN BLEND 

Figure 54: Limits for Total Alkali (Kollek, 1989) 

ALKALI SILICA EXPANSION 
MORTARS MADE WITH 0-30% SANTORIN EARTH 

0.7 

0.6 

0.5 

0.2 

0.1 

0 

A 

0 1 2 3 4 5 6 
CURING PERIOD, months 

90 100 

0% POZZOLAN -- 
10% POZZOLAN 

20% POZZOLAN 

30% POZZOLAN 

Figure 55: ASR Expansion, Mehta, 1981 



120 

aar, but these have not proved to be economical. With the opening of a ferro-silicon alloy plant the 

use of silica fume to reduce aar has found favour instead [Asgeirsson & Godmundson;1979] . 

Sulphate Attack 

There is a large database of research dealing with the improvement of sulphate attack by 

pozzolans, but among this database there are only a few examinations of natural pozzolans. For the 

most part pozzolans improve the sulphate resistance of concrete [Davis;1950]; however, from source 

to source pozzolanic materials are so variable that one cannot hope to apply a single rule or statement 

to them all [Thorvaldson;1952]. General statements are often very quickly refuted by other research: 

for example, Dron [1975] reports that pozzolanic cements have a high durability to waters containing 

magnesium sulphate, yet it is now well established that many fly ashes are attacked to a significant 

degree by the magnesium cation in solution. It is clear that a particular pozzolan must be thoroughly 

tested for expected sulphate conditions at a particular location. 

Some pozzolans contain a significant proportion of potentially reactive alumina - sulphate 

attack is primarily an expansive reaction between calcium aluminates and sulphates. Thus, the use of 

such a pozzolan may result in a reduction in sulphate resistance. In particular, it was found that the 

use of a natural pozzolan with sulphate-resisting Portland cement does not increase sulphate resistance 

and, if reactive alumina is present, may cause a reduction in sulphate resistance [Mather;1968] . 

Another example of the lack of general trends is that the use of pozzolans like Monterey shale 

and pumicite in blended cements results in significant improvement in sulphate resistance while some 

calcined or uncalcined clays do not show any improvement in sulphate resistance [Davis et al; 1950]. 

The testing of sulphate resistance and interpretation of results has always been a difficult task. 

One study [Mehta;1981] used a combination of sulphate test methods to establish some confidence in 

the results. Tests to evaluate the sulphate resistance of pastes and mortars made with various 

proportions of Santorin earth were performed by two test methods. 

In test 1, paste cylinders were soaked in 4% sodium sulphate solution maintained at a constant 

pH of 7.0. The cylinders were moist-cured for 1 week at 50°C prior to immersion. A failure 

criterion was determined as a strength loss after 28 days immersion of greater than 25%; if this 

occurred then the sulphate resistance was considered to be unsatisfactory. 

In test 2, 25x25x250mm mortar prisms (sand/cement=2.0, w/c=0.6) were moist cured for 28 

days and then immersed in 10% sodium sulphate solution. The solution was continuously agitated but 

no pH control or sulphate-concentration control was exercised except that the solution was replaced 



121 

every week. Expansions were measured every week and the failure criterion was established as an 

expansion > 0.1 % after 26 weeks of exposure. 

Figure 56 shows that the two test methods give equivalent results. The blends containing 20 

and 30% Santorin earth passed both tests (were considered satisfactory), while the pastes and mortars 

made with 0 and 10% Santorin earth were unsatisfactory according to both failure criteria. 

Massazza and Costa, [Massazza & Costa;1979], looked at the expansion of OPC-pozzolan 

mortars in 1% magnesium sulphate solution. Replacement levels were 0-40%. They found that the 

use of a pozzolan deters expansion, but in any case expansions did not start until 200 days after 

exposure for any mix (including the control). At 2000 days exposure the expansions were: 

OPC=9000, 10% replacement=4000, 30% replacement= 1500, 40% replacement= 1000 micro- 

strain). 

In another study, [Lea;1970], strength degradation after sulphate exposure of concretes 

containing either a burnt clay or trass pozzolan were determined. Tests were performed on a 1 

cement: 2 sand: 4 coarse aggregate mix using a blended cement with 60% OPC and 40% pozzolana. 

Type 10 (control [1]) and Type 50 (control [2]) OPC concretes were used as control mixes. The test 

results are shown in Figure 57 for soaking in either sodium (Na) or magnesium (Mg) sulphate 

solutions for 6 and 12 months. The results clearly indicate the superior performance of the burnt clay 

pozzolan in sodium sulphate solution. The pozzolanic cement made from trass is equivalent to the 

Type 50 OPC in sodium sulphate solution. Whereas the performance of the control concretes in 

sodium and magnesium sulphate is equivalent, the pozzolanic cements do not perform as well in Mg 

sulphate as in Na sulphate. This is a common aspect of most pozzolans, either natural or artificial. It 

emphasizes the need to know the type of attacking medium in practice before the choice of a 

particular pozzolan is made [Day & Konecny;1990]. 

Some research has concentrated upon performance of concrete in seawater which contains a 

wide variety of aggressive chemicals [Hammond; 19801. The sulphate and seawater durability of 

mortars made from bauxite waste were examined. l00xlOOx25mm mortar bars were made with 1:3 

cement sand ratio and a w/c=0.45. Bauxite-waste replaced OPC from 10-40%. The bauxite waste 

was calcined at either 700 or 900°C and mortars were moist cured 28 days at 20°C. Figure 58 

clearly shows that calcination temperature has a profound effect on performance with respect to 

sulphate and seawater resistance. Whereas it was found that 700°C was the optimum temperature for 

strength of lime:pozzolan mortars [Hammond;1984], 900°C was the optimum calcining temperature 

with respect to sulphate durability. 
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Two practical examinations are worthy of note [Ruiz; 1965]. A blended cement with 15% 

replacement of OPC by a Tenerife volcanic ash was used in harbour construction in Spain. No 

deterioration was found after 7 years. In the second study, [Ozaki & Sugata; 1988], concrete which 

had been made from blast furnace slag and a Japanese volcanic ash was analyzed after 60 years' 

exposure in a seawater environment. It had "scarcely deteriorated at all". 

Corrosion and Acid Attack 

Premature deterioration of the concrete infrastructure in North America over the last 10-20 

years has understandably sparked the interest of concrete researchers. Many pozzolans are known to 

be capable of improving corrosion resistance (primarily due to improved permeability), but most 

research has concentrated upon the use of artificial pozzolans like fly ash, blast furnace slag, and 

especially silica fume. Only one study on natural pozzolans provides relevant data. 

The corrosion resistance potential of concretes made with a natural pozzolan were compared 

to a plain concrete and to a fly ash concrete. An electrochemical technique was used to determine the 

performance of concrete samples in inhibiting corrosion. Figure 59, [Maslehuddin et x1;1989], shows 



VARIATION IN HALF-CELL POTENTIAL 
700 

600 

500 

400 

300 

200 

10 

0 

0 
19 - No 

* 0 u 
:PN 

A 0 

u Def inition I Initiati n 
A, A -A 

a#- rrst 
0 

200 

PLAIN CEMENT 

400 600 800 1000 1200 1400 1600 

SOAKING PERIOD IN NaCI (d) 

NATURAL POZZ' A FLY ASH 

Figure 59: Corrosion Potentials (data from Maslehuddin et al, 1989) 

124 

that when soaking in NaC1 solution the initiation of corrosion occurs quickest in the plain cement 

while the use of natural pozzolan and fly ash delay the time to initiation of corrosion - which is 

presumably an indication that the corrosion resistance of these concretes is better. The fly ash 

appears to give better corrosion resistance than the natural pozzolan. 

Acid attack has also not been an important research topic. One study, [Doidge; 19571, was 

performed because of a practical problem of acid attack. Strong sulphuric acid can be produced in 

sewers due to the generation of hydrogen sulphide by anaerobic bacteria. A locally occurring 

pumicite in New Zealand was tested to determine whether sewer pipes made from OPC-pumicite 

could withstand this type of attack. Research showed that use of the raw, unground, pumicite to 

replace 30% of the cement significantly increased the resistance to sulphuric acid attack. The extent 

of resistance did not appear to be directly dependent upon the extent of the pozzolanic reaction, 

although the pumicite is a moderately strong pozzolan. The pozzolan could be made more effective if 
large particles were sieved out or if it was ground. This material is now being used in practice and it 

is found that the extra cost of storage, handling and control of the material, combined with the extra 

mixing time that is required, just offsets the cost savings of cement. 



125 

A second research project [Mehta; 1975] examined the acid attack of concretes and mortars 

manufactured with 15-20% rice husk ash; these materials were found to be especially resistant to this 

form of attack 

A particularly interesting case study in Turkey is worth mentioning [Akman & Yildirim; 

1987]. Turkey has large reserves of natural pozzolans and for the past five years (1982-1987) 90% 

of cement manufactured in Turkey has been cement:natural pozzolan blends. The replacement level 

varies from 7-30% but, nevertheless, the cements must meet the same standard as OPC. It has been 

noticed that concrete in fertilizer plants is seriously damaged due to attack by the most common 

chemical, ammonium nitrate. It was anticipated that concrete made from pozzolanic cement would be 

durable against NH4NO3 since the attack mechanism depends upon the presence of calcium hydroxide 

according to the reactions: 

Ca(OH)2 + 2NH4N03 + 2H20 = Ca(N0)2.4H20 + 2NH3 

Ca(N03)2.4H20 + 3CaO A1203.6H20 3CaO A1203 Ca(NO)2.10H20 
volume increase 

Concretes in the strength range 30-40 MPa with 10-30% cement replacement were tested by 

soaking in nitrate baths. It was discovered that some pozzolan-cement blends did not perform very 

well and it was concluded that such blends should not automatically be expected to improve resis- 

tance. If durability is a consideration then a sufficient number of tests should be performed on a 

carefully chosen match of cement and pozzolan 

Freeze-thaw Resistance 

Higher resistance to freeze/thaw attack is often exhibited by OPC-pozzolan cements than by 

the OPC alone, but no general statements concerning pozzolans can be made. The most important 

factor affecting the freeze-thaw resistance of a concrete is whether an adequate air-entrainment system 

is present within the hardened concrete mass. Another important factor is whether the concrete is 

saturated; freeze-thaw attack is due to the expansive forces that are produced when water freezes 

within the pore structure, if the concrete is not at or near saturation then these expansive forces 

cannot occur. 

Neither of the two important factors depends directly upon whether a pozzolan is present; 

very weak concretes, properly air-entrained, are known to perform adequately when subjected to the 

severe ASTM C666 test for freeze-thaw resistance. On the other hand, some pozzolans such as some 

diatomaceous earths can substantially increase water demand and thus may have an effect upon the 
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air-entraining ability of a particular air-entrainment agent. Although it may be more difficult to 

entrain air when using some pozzolans in concrete, the actual presence of the pozzolan does not affect 

freeze-thaw resistance as long as an adequate volume of air in the hardened mass is present [Scholer 

& Peyton;1949]. 

In one study, a calcined shale pozzolan showed as good as, if not better, freeze-thaw 

performance than a fly ash or blast furnace slag that was tested. The specification that a pozzolan 

concrete must be cured for 21 days, as opposed to 14 days, makes no difference to the freeze/thaw 

resistance of the material even though the strength values at 21 days are somewhat higher than at 14 

days [Tynes;1969]. 

Another study looked at the strength, freeze-thaw resistance and air-void analysis of various 

concretes with 0-25% replacement of cement by a North Dakota natural pozzolan (the pozzolan passes 

ASTM Type N). It was found that if replacement was greater than 15% the freeze-thaw durability 

was not satisfactory because the air-entrainment process was impeded and a poor air-void system 

resulted. 

If a concrete is not entrained, then freeze-thaw resistance of an OPC:pozzolan concrete is less 

if tested at early ages, if the replacement level is less than 20%. After 4 or 5 months, however, the 

resistance is as good as the OPC control [Davis;1950]. Because there is no air-entrainment system, 

resistance is directly related to strength which is less in the pozzolan concrete at early ages. 

ECONOMY 

The early use of pozzolans in the United States was primarily driven by cost savings. For 

example, the construction of the Arrowrock Dam in the U.S. in 1915, the first pozzolan dam, used a 

blend of OPC and granite pozzolan; the cement was prepared at a cost of $10.19 per m3, compared 

with the price of OPC at the time of $14.75 per m' [Elfert;1973]. Such cost savings have been 

realized over many years; in 1969 the price of pozzolans per tonne generally ranged from 50-100% 

that of Portland cement. At a replacement level of 30-35% a cost savings in materials of about 20% 

could be realized [U.S. Bureau of Mines;1969]. 

Even when calcination of the pozzolan is necessary, cost savings can be achieved. A calcined 

kaolin clay, ground to 7000-9000 cm2/g (Blaine) was used in mass concrete in Brazil at a cost of 113 

that of OPC. This material has been used since 1965 in 4 large Brazilian dams with cement 

replacement as high as 50% for 7 million m3 of concrete. Compressive strengths at 90 days are 
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similar to that of OPC alone and there is a lower temperature rise, better plasticity and effective aar 

protection [Saad et al;1982] 

If calcination of a pozzolan is necessary the cost of fuel and extra cost for grinding and 

screening is important [Asher,1965]. The estimated requirements for a calcining plant are: 

Power= 11.2 kW hr/ton; Fuel= 10 gallons of Bunker C oil/ton; Capital investment= $275,000 

In another example of cost savings, [Downy & Dratva;1989], production costs in Chile of 

ordinary Portland cement are approximately 40% higher than for a Portland:pozzolan cement with 

30% cement replacement. This latter cement is in common use in Chile. At the same time long-term 

performance is at least equivalent to the plain OPC concrete. The technology of the use of OPC- 

pozzolan cement has been perfected mostly for road construction and 80% of Chilean roads are built 

with this cement. 

Finally, one study reports that the use of bauxite waste to replace 30-30% of the Portland 

cement in concrete produced cost savings of 30% [Nwoko & Hammond; 1978]. 

OTHER PROPERTIES 

A major concern about the use of pozzolans with high surface areas is that they can increase 

water demand substantially although at the same time they may demonstrate an improvement in 

plasticity and workability. For example, A Tenerife volcanic ash can be used in concrete construction 

to improve durability, but a 15-35% replacement level results in an increase in water requirement by 

4-6 % [Ruiz;1965]. 

Other American research substantiates the conclusion that although natural pozzolans can 

increase plasticity and workability and reduce bleeding and segregation, they usually increase water 

demand. However, this increase can often be offset by the use of water reducing admixtures 

[Mielenz;1983] [Davis;1950]. 

The heat of hydration when pozzolans are used is decreased, which is beneficial for mass 

concrete applications. Quick reacting pozzolans like some opal-based materials may, however, 

contribute to the heat of hydration at early ages. 

Also, creep in both tension and compression is greater in pozzolan concrete and shrinkage is 

substantially more; opals are especially bad here and show as much as 50% more shrinkage than 

equivalent OPC mixes [Davis;1950]. There are conflicting results, though; in another study, 

shrinkage of pozzolanic cements was similar to that of Portland cement, although on average it was 
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slightly higher. Creep was generally greater because pozzolanic cements harden more slowly 

[Massazza & Costa;1979]. 

RICE HUSK ASH CEMENT UTILIZATION 

Rice husk ash cement can be produced at surprisingly low cost if (a) the science is understood 

and (b) the socio-economic aspects of its use is understood [Mehta & Pirtz;19781. It is not impossible 

that mini-cement plants could be implemented to provide the rural poor in developing countries with 

cement. 

The best RHA cements can be produced through the Mehta-Pitt process where ignition 

temperatures are closely controlled. However, India and Pakistan technology uses RHA:lime blends 

in which the rice husk is burned uncontrolled. This produces an inferior ash that is difficult to grind 

and sometimes does not set or harden. Burning temperature, however, can be semi-controlled by 

burning rice husks in oil drums fitted with chimneys. These allow a good air draft and keep the 

combustion temperature low. The product from this method is adequate for use to make masonry 

cement. 

Mehta introduced another method for individual household manufacture. Rice husk is burnt 

in a tandoori-type cooking pot arrangement which allows one to cook while at the same time burning 

the husk at about 600°C. It is estimated that a single family could produce a bag of cement in a 

month with this method [Mehta & Pirtz;1978). 

Two new processes to burn RHA, a Vortex furnace and a gasification process, were examined 

for industrial production. The gasification process was shown to be clearly superior [Joseph et 

al;1989]. In this study, it was concluded that the restrictions of loss on ignition limits for RHA need 

not be so restrictive; it was possible to obtain good RHA by burning at as low as 400°C. Although at 

this temperature there is 26% carbon in the material coming from the furnace, the RHA can be 

transported to large pits where "carbon burnout" will occur over a period of 4 days. After this, the 

carbon content will be in the range 7-10%. 

Rice Husk Ash, RHA, can be used as a base for masonry cements for low-cost rural housing, 

canal linings, water reservoirs and plastering. Care must be taken with control of the burning process 

since improper control has led to the economic failure of many plants in India. Because of these 

failures the trend has been to include some OPC with the blend, thus raising the cost [Appropriate 

Technology International; 1983] . 
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One innovative idea is to use rice husk in the firing process for clay bricks. In India every 

year 9.8 million tonnes of coal are used for firing bricks while 27 million tonnes of rice husk are 

obtained as a waste material. Rice husk has a calorific value of 2800 kcal/kg which is 40% of the 

calorific value of the best coal. The main problem is that bricks are required to be fired at about 

1300°C while the best firing temperature for rice husks is 700°C for maximum reactivity [Prakash & 

Ahmed; 1983]. 

When it is desired to use natural fibres as reinforcement in RHA concrete susceptibility of the 

fibre to an alkaline environment may be an important factor. Tests were performed on RHA concrete 

with 0-40% cement replacement and containing oriented jute or ramie fibres. Specimens were 

subjected to accelerated wetting/drying cycles consisting of 30 minutes water spraying followed by 

5.5 hours of drying at 105°C. Each cycle is equivalent to 1.5 months of practical exposure. At 

selected cycles the toughness of the concrete sample was determined. Figure 60 shows that the ramie 

fibre produces more durable concrete than the jute fibre. The optimum replacement level with respect 

to this type of durability appears to be 30%, but the toughness of all materials drops substantially 

even after 4 accelerated cycles (1.5 months of exposure). 

The attack mechanism is one in which either (a) ends of the cellulose molecular chain "peel- 

off' due to the alkaline environment (fibres with high polymerization, e.g. sisal are not susceptible), 

or (b) alkaline hydrolysis causes the molecular chain to divide. The attack mechanisms are especially 

pronounced at high temperature (70-75°C) [Shafiq et al;1988]. 

OTHER APPLICATIONS FOR POZZOLANAS 

Some other novel applications for the use of natural pozzolans are given below. 

RHA can be used as a reinforcing material in rubber when pulverized to less than 451im. It 

shows superior performance to finely ground silica and equivalent performance to medium 

thermal carbon black. The use of RHA has no adverse effect on vulcanization [Mehta & 

Pitt; 1976]. 

Other non-construction uses of rice husk ash includes: additive to fertilizers; use as a feed 

filler; use as a loose insulating material; use as a filler in plastics and refractories; use to 

manufacture "Furfural", a purifying agent; use as an industrial cleaning agent [Hough;1956]. 
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Volcanic ash can be "bloated" for various purposes. Ash from Kansas is processed by 

injecting ash into the air intake of a gas burner. The bulk density of the ash changes from 

1060 kg/m3 to 190-400 kg/m3. Selective screening can produce an ash of 40 kg/m3. Such 

material can be used for (a) filtration; (b) a filler in plaster mixes; (c) thermal insulation; and 

(d) fireproof acoustical tile [Bauleke,1962]. 

Pozzolans are commonly used in oil well cementing; these include fly ash, volcanic cinders, 

volcanic ash and calcined opaline shale. For deep wells, where temperatures from 60 to 

200°C can exist, a mixture of hydrated lime and pozzolan plus set-control additives is used 

(Everett;1967] . 

Tuffs found in Georgia, USSR are used as bleaches for petroleum products as well as 

moulding materials in cast iron manufacture [Dzhanelioze;1986]. 

Bauxite wastes can be used to stabilize the laterite gravels found in Ghana which have high 

plasticity index and clay content. Research has found that after about a 2% addition of a 1:2 

or 1:3 lime-pozzolan stabilization cement unconfined compressive strengths rise dramatically. 
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The use of a pozzolan:lime blend rather than just lime alone resulted in 2 to 3 times higher 

strength [Hammond; 1977]. 

FACTORS INFLUENCING THE USE OF POZZOLANS IN DEVELOPING COUNTRIES 

Spence, [Spence;1980], outlines 11 road blocks, both technical and non-technical, to the 

implementation of "appropriate technology" in developing countries and five remedies. These are 

listed in Table XXIV. 

If one had to isolate one major deterrent to the increase in the use of pozzolans it would be 

the myth that Portland cement is the remedy for all that ails. One reason that this has come about is 

due to ignorance on the part of engineers, developers, contractors and government about the 

properties of alternative materials. As a result of this ignorance it is natural that one is overly 

conservative and this conservative approach leads to the use of an "overly qualified" material. 

Another contributing factor is the lack of quality control during production of blended cements; 

because of this engineers and contractors tend to turn automatically to Portland cement whose quality 

can normally be trusted. 

An example of the overuse of OPC is in India where 45% of the cement used in construction 

is used in mortars and plasters, all of which could be replaced by lime and pozzolans if materials of 

suitable quality were available [Spence; 19801. 

As a result of the omnipresence of Portland cement, in many poorer countries Portland 

cement has gained "an enormously-powerful status value" [Spence; 1980]. This deters the upgrading 

of village-scale technology based upon lime and pozzolans despite the fact that mortars made with 

Portland cement and sand alone produce an inferior product that is harsh, hard to work, and is too 

strong - which results in unnecessary cracking. 

Another major contributing factor to the overuse of Portland cement is the high cost of lime. 

Because of the inefficiency of local lime production the cost of lime is as high or higher than OPC. 

To increase pozzolan use, the development of more efficient and less costly lime production methods 

must be an important priority. 

HABITAT, [1985], outlines some ways in which the rate of use of indigenous materials can 

be increased. First, the technology must be tested, proved and, above all, widely advertised at the 

local level. Various organizations must establish themselves as suppliers of indigenous materials 
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Roadblocks 

1. Subsidies on cement production - new technology cannot compete on an even level if such 
subsidies exist. 

2. National controlled price for cement - deters competition 

3. Freight equalization charges - reduce the economic advantage of setting up local industry 

4. A single building standard in a given country -- does not allow recognition that below- 
standard materials have widespread application 

5. Influence of large-scale manufacturers -- who will, of course, try to continue their 
monopoly 

6. Lack of familiarity with a new product - makes users suspicious and unwilling to take a 

risk 

7. Lack of quality control - whether true or not it is perceived that local industry may not be 
capable of implementing sufficient controls 

8. Premature insertion of a new product into the market -- an early failure of a product that 
is not adequately tested would lead to a drastic reduction in user confidence. 

9. Lack of skilled help - in the local environment will deter attempts at good quality control 

10. Lack of detailed surveys -- each new source must be thoroughly surveyed and tested for 
quantity, quality and consistency. 

11. Country economics are based upon a capital intensive, labour saving approach -- 
implementation of small-scale production is the reverse approach 

Remedies 

1. Capital must be made available to small-scale industry on an equivalent basis to large scale 

2. Removal of freight equalization charges 

3. A range of standards for cement quality should be implemented as they have been in 
China -- create different grades of cement for different purposes 

4. Institute a national system of quality control - study of how the Chinese system works in 
practice could be valuable. 

5. Creation of a planning institute independent of the cement industry - "the interests of 
large-scale cement manufacturers conflict with the national interes. 

Table XXIV: Summary of Observations by Spence, 1980 
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internationally as well as locally. Resources should be allocated to training, for extensive demonstra- 

tion programmes and to purchase the necessary tools and equipment. 

The single cause of low-quality production can be the attempt to adopt one standard technol- 

ogy to many diverse situations. The well known standards of developed countries do not have the 

capacity to deal with the lower requirements and quality of indigenous building materials. India is 

about the only country that has recognized this and has established standards for a variety of lime- 

pozzolan mixtures. 

The use of indigenous materials must be included in government sponsored building projects, 

such as low-cost housing developments. Also, the establishment of standards must be handled at the 

national level as it is unlikely that funds will be available at the local level. "Standards formulation is 

an important basis for promoting quality production of indigenous building materials, and, thereby, 

promoting their wide adoption". 

Surkhi manufacture in India is widespread but there are significant problems standing in the 

way of the use of more of this type of material [Spence;1984]. These are: (a) the steady decline that 

is occurring in village industry in general; (b) the inconsistency in the quality of village-produced 

lime; (c) the lack of organization of the lime industry; (d) preparation of the ground brick material, 

especially the grinding process, is not standardized. For progress to be made in this regard, "the 

attitude of the Indian government is crucial". 

Coad, [1974], agrees that lack of control is a major problem in implementing village industry. 

The block industry in Java has become a community effort where many people are involved. A 

detrimental feature of this approach is that the quality of production is highly variable because there is 

no uniformity in a manufacturing process that is highly operator dependent. 

To promote lime and alternative-cement production government financed small-scale 

development organizations should oversee development and be responsible for development, 

technology and promotion of the use of technology [Spence; 1980]. More surveys of raw materials 

need to be performed to reveal all of the deposits suitable for exploitation. Ways must be found to 

encourage qualified people to supervise industry in rural areas, and properties of alternative cements 

should become part of the course curriculum in technical colleges and universities. 



134 

RECOMMENDATIONS FOR FUTURE RESEARCH 

After this fairly comprehensive survey of the state-of-the-art of the utilization of pozzolans, 

eight distinct areas can be isolated in which a future concerted effort could yield fruitful results. 

ESTABLISHMENT OF REQUIRED STRENGTHS AND SUBSEQUENT DEVELOPMENT 

OF APPROPRIATE SPECIFICATIONS 

"The efficient use of local materials is greatly inhibited by the use of inappropriate 

standards ... a good standard for us in the U.K. is not necessarily a good standard in another 

country with a very different social and climatic environment" [Spence;1974]. 

This quote found in a paper by Spence emphasizes an important aspect of needed 

research, namely to establish general performance requirements for various types of construc- 

tion in particular countries with the ultimate objective of establishing several grades of 

standard cements that can be used for particular applications. It may be necessary for an 

International institution to strive to develop a set of guidelines with which more detailed 

performance standards can be established. 

Building codes should be formulated in order to encourage the use of local materials. 

We must get away from the use of carbon-copy codes of former "colonial powers" which 

discourage the use of local materials. One of the first steps towards this aim is for each 

country to make a survey of useful local materials [Berhane;1987]. 

2. MORE DETAILED EXAMINATIONS OF THE EFFECT OF CURING TEMPERATURE 

ON REACTIVITY AND STRENGTH DEVELOPMENT IN POZZOLANIC MATERIALS. 

Practical high temperature curing of blocks is not an unreasonable task in many 

developing countries. Many of these countries have tropical climates and many hours of 

sunshine. If polyethylene greenhouse tents are used, it is not unreasonable to expect that a 

saturated curing environment at temperatures in the range 45-50°C can be achieved 

[Day; 1988). 

Previous sections have indicated the importance of curing temperature to the reactivity 

of a pozzolan and thus efforts should be made to cure building products at elevated tempera- 

ture where this can be conveniently and economically done. Some research should be 
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concentrated toward the development of inexpensive structures which maximize the internal 

temperature that can be achieved. 

Research is necessary to determine, for specific countries, what temperatures can be 

expected in a "greenhouse" environment, what improvements could be made to the green- 

house approach to optimize the rate of strength gain of the blocks, and what time periods are 

required in this environment in order for acceptable strengths to be obtained. 

The time periods required are especially important and one should be able to develop 

a set of control charts, based upon the record of ambient conditions, that determine the time 

at which blocks can be removed from the curing environment and sold. This may work much 

like the maturity-strength prediction methods that are often used for OPC concretes. 

3. MORE INTENSE EXAMINATION OF THE USE OF PORTLAND CEMENT IN SMALL 

PROPORTIONS IN LIME:POZZOLAN CEMENTS 

When a lime:pozzolan cement cannot meet appropriate standards on its own the use of 

small amounts of Portland cement (e.g. 5-15%) may be one way to produce a blended cement 

that will pass the standard and perform satisfactorily; although cost may rise somewhat it is 

anticipated that this rise will only be small since only a small amount of OPC is likely to be 

required. 

This aspect of the development of LPCs, has received little or no attention and thus, 

needs further examination. This is especially important for the production of lime:pozzolan 

mortars and grouts for masonry construction because these materials cannot be heat treated. 

4. IMPROVEMENT OF LIME PRODUCTION METHODS 

Natural pozzolans are intended for use in developing countries. Most of these 

countries have an adequate supply of limestone, but the production of slaked-lime from the 

parent rock is usually handled by local industry or cooperatives and, as a result, is very 

inefficient. The high cost of fuel does not help this problem. 

As a result, in some countries at present (e.g. Bolivia) the price of lime is well above 

that of cement. Also, the quality of lime is very inconsistent. 

Lime is an essential ingredient for the development of pozzolanic building materials 

yet little progress has been made towards increasing the quality and efficient of production of 
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this material. More research should centre upon improvements in manufacturing methods and 

methods for production management. 

5. DEVELOPMENT OF A SUITABLE REACTIVITY TEST FOR POZZOLANS 

As has been pointed out several times in this report, one of the major problems 

deterring the increased use of pozzolans is the lack of development of a satisfactory test to 

evaluate a pozzolan in a reasonable time [Davis;1950]. 

Earlier, it was shown that is highly unlikely that any single property of a pozzolan has 

an overwhelming influence on its reactivity. Furthermore, measurement of these fundamental 

properties is not appropriate in the field. Clearly, if a quick pozzolanicity test is to be 

performed it must be a performance test; future work should concentrate on development of 

such a test, or refinement of an existing test, that will have reasonable reproducibility and 

accuracy and will be appropriate for a wide range of types of pozzolans. 

On the more fundamental side, it is interesting that no researcher, as far as this author 

knows, has ever applied statistical methods more advanced than simple linear regression to 

determine the influence of the various fundamental properties of a pozzolan on reactivity. 

Several fundamental chemical and physical properties of a pozzolan influence engineering 

behaviour; if a suitable database can be assembled then more sophisticated statistical methods, 

such as multiple linear regression, may yield useful results. 

6. INVESTIGATION OF CERAMIC MATERIALS MADE FROM NATURAL POZZOLANS 

The useful research of Prakash & Ahmed [1983] and Rai [1988] can be evaluated in 

combination with the research of Day & Bergman [1988] who have shown that medium to 

high-strength brick material can be manufactured using fly ash and a firing temperature 

between 700-900°C. The possibility exists that a viable pozzolan-brick making industry could 

be instituted in countries with substantial supplies of natural (or artificial) pozzolans. 

In those countries that also produce rice, the possibility exists that rice husks in 

particular could be used as a fuel to manufacture (a) useful products (bricks, tiles, etc.) from 

another low-cost material (volcanic ash, fly ash, etc.), and at the same time (b) produce a 

second highly reactive pozzolanic material in the form of RHA which could then be used to 

make other building products. 
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7. DEVELOPMENT OF BETTER MIX-PROPORTIONING METHODS 

The success of the Greeks in producing good quality concrete may primarily be due to 

the attention that they paid to the gradation of the aggregate [Efstathiadis; 1978]. The 

importance of a well-graded aggregate has been somewhat lost in the modem world. It may 

be appropriate to examine the importance of aggregate gradation to the performance of 

various pozzolan:lime mortars and concretes. Such a study would also necessarily involve 

estimates of the costs involved, in a third-world environment, to optimize aggregate grada- 

tions (i.e. to minimize aggregate void contents). 

It is anticipated that such research may reveal that substantial strength and durability 

gains can be achieved at little extra cost, simply by paying more attention to the gradation of 

aggregates being used in blocks and concretes 

8. RESEARCH TO INCREASE THE USE OF RICE HUSK ASH 

Appropriate Technology International, [Appropriate Technology International; 19831, 

has succinctly summarized the specific research needs for the RHA Industry. These are: 

1. determine all factors which affect reactivity 

2. establish standards and methods of quality control in order to establish, within 

the standards, different grades of cement for different purposes 

3. improvement of the final stage of the intergrinding process between lime and 

RHA 

4. development of techniques to scale down industrial-size processes (e.g. Mehta- 

Pitt process) to local scale 

5. develop methods to reduce the air-pollution associated with RHA production 

6. examine the use of other additives (e.g. 10% OPC) to improve the quality of 

sub-standard RHA:lime cements 
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