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ABSTRACT

This state-of-the-art report is a review of available literature on the pozzolanic materials calcined clays, light weight
aggregate fines, rice husk ash, nano silica and ground glass as alternatives to the more common fly ash, slag, metakaoline
and silica fume.

Calcined clay seems to have the greatest overall potential as alternative pozzolanic material for concrete due to its
availability in large quanta and the relatively cheap price. However, the mineralogy of clays varies a lot, which may
influence the reactivity. The optimum calcination temperature seems to be in the range 700-800°C, even though it may
approach 1,000°C in some cases. The benefit of replacing cement in concrete is not on strength improvement, but more on
durability enhancement. Calcined clay seems to be equally beneficial as light weight aggregate fines originating from
similar clay but burnt at 1,150°C and ground to 5-10 pm.

Processed rise husk ash may be of interest for international active businesses since the availability seems to be concentrated
far from Norway. However, the material is highly pozzolanic and improves both strength and durability of concrete when
replacing cement.

Nano silica improves concrete properties like strength and permeability in relatively small dosages (0.5-3 % of cement).
However, the high price means that cost/benefit should be evaluated as well as if it is possible to achieve similar properties
by cheaper means. Ground recycled glass is too slowly reacting to be of interest as alternative pozzolan, although it may
improve the rheology of concrete.
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Foreword

COIN - Concrete Innovation Centre - is one of presently 14 Centres for Research based
Innovation (CRI), which is an initiative by the Research Council of Norway. The main objective
for the CRIs is to enhance the capability of the business sector to innovate by focusing on long-
term research based on forging close alliances between research-intensive enterprises and
prominent research groups.

The vision of COIN is creation of more attractive concrete buildings and constructions.
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor climate,
industrialized construction, improved work environment, and cost efficiency during the whole
service life. The primary goal is to fulfill this vision by bringing the development a major leap
forward by more fundamental understanding of the mechanisms in order to develop advanced
materials, efficient construction techniques and new design concepts combined with more
environmentally friendly material production.

The corporate partners are leading multinational companies in the cement and building industry
and the aim of COIN is to increase their value creation and strengthen their research activities in
Norway. Our over-all ambition is to establish COIN as the display window for concrete
innovation in Europe.

About 25 researchers from SINTEF (host), the Norwegian University of Science and Technology
- NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10 MSc-students every
year and a number of international guest researchers, work on presently 5 projects:

Advanced cementing materials and admixtures
Improved construction techniques

Innovative construction concepts

Operational service life design

Energy efficiency and comfort of concrete structures

COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by the
Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by SINTEF
Building and Infrastructure and NTNU (in all approx 15 %). The present industrial partners are:

Aker Kvarner Engineering and Technology, Borregaard LignoTech, maxitGroup, Norcem A.S,
Norwegian Public Roads Administration, Rescon Mapei AS, Spenncon AS, Unicon AS and
Veidekke ASA.

For more information, see www.sintef.no/coin
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1 INTRODUCTION

State-of-the-art report (STAR) on alternative pozzolans is a review of the use of “unusual”
supplementary cementitious materials in concrete. Materials that are included in this report are
micro-LWA, calcined clay, rice husk ash, nano-silica and glass. Common ones like silica fume,
fly ash, slag and metakaoline are only mention as comparison.

Environmental concerns both in terms of damages caused by the extraction of raw material and
CO, emissions during cement manufacture have brought about pressures to reduce cement
consumption by use of supplementary materials. In addressing environmental problems and
economic advantages, mixtures of Portland cement (PC) and pozzolans are very commonly used
in concrete production [Sabir et al., 2001].

Cement production is a highly energy-intensive process involving significant environmental
damage with respect to CO, production and raw material acquisition. STAR 1 in 11f is looking
into solutions to this problem.

2 POZZOLANSIN GENERAL

2.1 Definitions, terms and classification of natural pozzolans

The definition of natural pozzolans according to ASTM Standard C618 is siliceous or siliceous
and aluminous materials, witch in themselves possess 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.

Within the building industry, the term “pozzolan” covers all the materials which react with lime
and water giving calcium silicate and aluminate hydrates. All pozzolans have to be rich in reactive
silica or alumina plus silica [Bensted and Barnes, 2002].

According to ASTM standard C618 the requirements to chemical composition of natural pozzolan
are approximately 70 % in contents of silicon dioxide (SiO;), aluminum oxide (Al,O3) and iron
oxide (Fe20s). The loss on ignition is required to be max 10 %, according to the same standard.

The acidic and amphoteric oxides (silica, alumina and ferric oxide) content vary widely from one
pozzolan to another. Silica is a major component in natural and processed pozzolans.

Pozzolans are classified into natural materials and artificial. Artificial ones are mostly industrial
by-products. Examples for both types are given in Table 1.
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Table 1: Example of pozzolans [Miiller, 2005]

Pozzolan Active components

Natural | Volcanic tuff Aluminosilicate glasses, zeolites, clay minerals
Rock from meteorite impact | Aluminiosilicate glasses, zeolites, clay minerals
Diatomaceous earth Fine grained silica rich skeletal remains of diatoms
Bauxite Aluminum hydroxides

Artificial | Calcined® clays or shales Unstable dehydroxylation products of clay minerals

Low-calcium fly ash Glasses, calcined silicates and aluminates
Condensed silica fume Amorphous silicon dioxide
Rice husk ash Amorphous silicon dioxide

aAccording to Wikipedia, calcination (also referred to as calcining) is thermal treatment process applied to ores and
other solid materials in order to bring about a thermal decomposition, phase transition, or removal of a volatile
fraction. The calcination process normally takes place at temperatures below the melting point of the product
materials. Calcination is to be distinguished from roasting, in which more complex gas-solid reactions take place
between the furnace atmosphere and the solids.

2.2 Strength of pozzolan-lime paste and mortars

Strength of pozzolan-lime mixes increases as the amount of combined lime increases, but there is
no general relationship between the two parameters. The strength development and the ultimate
strength depend on pozzolan/lime ratio, water/binder ratio and the particle packing of the
pozzolan material. The alkaline contaminants functioning as accelerators are also a factor. The
rate of hardening is slow at start, but the long-term strength can reach about 20 MPa and this
value high is enough for many applications. See Fig. 1. The maxima vary also in connection with
other factors so that the best mixes must be established on a case-by-case basis [Bensted and
Barnes, 2002].

The differences in pozzolan materials themselves are a factor that influences strength on the
pozzolan-lime mortars. Justnes (1992) investigated silica —lime mixes and found compressive and
flexural strength about 56 MPa and 8 MPa, respectively, after 28 days curing and slaked
lime/silica fume ratio of 0.5.

While FA-lime on the other hand achieved compressive strength of approximately 35 MPa
according to Malhotra and Dave (1999). Replacement of pozzolan for Portland cement causes
decrease in early strength. This may be due to that pozzolan concrete having a higher w/c ratio
caused by high specific surface of the pozzolan, or that the pozzolan has lower reactivity than the
cement (e.g. fly ash). However, this may be compensated by finer grinding. Silica fume on the
other hand, reacts faster than fly ash at early ages. The ultimate strength of pozzolan-containing
cements can be higher than that of the parent Portland cement as shown in Fig. 2.

The time required to recover the initial strength loss caused by the replacement of pozzolan
depends on the nature of pozzolans, including the content of the active phases and specific
surface, the replacement level, the composition and the strength class of Portland cement.
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Recommended replacement of Portland cement with pozzolan is 15-20 % for workability reasons
(depending on fineness), and this is enough to comply with the pozzolanic test requirements.

Pozzolanic index: defined as the ratio of the compressive strength after 28 days curing of the test
sample to the reference sample. According to ASTM C311 the test mixtures replace 20 % of the
mass of the amount of cement used in the control mixture by the same mass of the sample.

Compressiva strength - MPa
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Lime content - %

Fig. 1 Compressive strength of hydrated lime-pozzolan pastes versus lime content in the mix and
w/b ratio of 0.56 [Bensted and Barnes, 2002]
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Fig. 2 Effect of pozzolan replacement for Portland cement on compressive strength of standard
mortar. Values expressed as percentage of the 28 day strength of the control Portland

cement [Bensted and Barnes, 2002].
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2.3 Chemical composition of pozzolans

To determine the chemical characteristics of the clay materials and other pozzolan it’s common to
use X-ray fluorescense. These analyses are important since the total percentage of silica, alumina
and iron of clays give a good indication of the quality of the produced pozzolanic material [Al-
Rawas and Hago, 2006]. Most articles compare the chemical composition according to the ASTM
standard 618 of natural pozzolans.

The total content of silica, alumina and iron oxide together with the burning temperature and
duration of burning has an effect on the physical properties of the clay used as pozzolan in
concrete.

2.4 Analytical methods for mineralogy of pozzolans

The mineralogical composition of clay materials can be characterized by X-ray diffraction (XRD)
techniques. This is based on the fact that the crystalline fraction of clay materials interferers with
the X-rays resulting in a characteristic diffraction pattern. By comparing with reference data, the
qualitative compositions can be determined.

Scanning Electron Microscopic (SEM) investigations are based on the interactions of a focused
electron beam in vacuum with a sample surface and rapidly moving electrons. These interactions
lead to emission of secondary electrons (SE) and back scattered electrons (BSE) from the surface.
SEM can give information on the topography, morphology, composition and crystallographic
information of the samples.

Differential thermal analysis (DTA) can be used to determine the amount of the pozzolanic
reaction and hydration of blended cement pastes [Vedalakshmi et al. 2003, Moropoulou et al.
2004, Dahl et al. 2007, Justnes and @stnor 2001] by estimating Ca(OH)2 content and calcium
silicate hydrate (CSH) content. The DTA curve shows a sharp endotherm signal between 450 and
520°C due to the decomposition of Ca(OH)2 formed during the hydration. Ca(OH)2 consumption
that takes place in lime/pozzolan pastes could be a reliable factor for the evaluation of the
pozzolan reactivity and the formation of the pozzolanic products. For some DTA instruments a
MS (Mass Spectroscopy) instrument can be connected, and the gases that are produced during for
instance the decomposition can be determined.

Thermal analysis is also widely used to determinate the optimum range of calcination
temperatures that will produce the highest pozzolanic activity for clays, since temperature for
mass loss will be seen on the gravimetry curves (DTG), and eventual melting points can be seen
on the energy curve exchange (DTA). See Fig. 3 [Cook, 1985].



SINTEF g

raolinite ‘

iltita

e
montmorilignite

chlorite {

n-hmmj
§

F— T T T T 1
200 400 600 aoo0 1000

temparatura (°C)

ndothe ml

Fig. 3 Differential thermal analysis curves for the most common clay minerals [Cook, 1985]

3LITERATURE REVIEW

3.1 Calcined clay

Clays are rarely found separately and are usually mixed with other clays and with microscopic
crystals of carbonates, feldspars, micas and quarts. Clay minerals are divided into four major
groups: kaolinite, montmorillonite/smectite, illite and chlorite groups.

The compositions of clay minerals depend on geographic area and the bedrock, and vary a lot all
over the world.

According to Wikipedia is the plasticity index (Pl) a measure of the plasticity of a soil. The
plasticity index is the size of the range of water contents where the soil exhibits plastic properties.
The liquid limit (LL) is the water content where a soil changes from plastic to liquid behavior.

Soils with high PI indicate the presence of high proportion of clay fraction, and soils with lower
PI tend to be silt. Graphical representation of this is shown in Fig. 4.
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Fig. 4: Holtz and Kovacs diagram [Chakhouk, 2006]

Miiller (2005) investigated the interaction between the non-calcined clay minerals (kaolinite, illite
and montmorillonite) with lime from a soil stabilization perspective. However, in addition to
simple ion-exchange between alkalis and calcium, he also observed a real pozzolanic reaction
forming new hydration products after about a month. Diamond et al. (1963) also showed that non-
calcinated clay minerals behaved as pozzolans in the order kaolinite > montmorillonite ~ mica
~illite > pyrophyllite, while talc did not react. The pozzolanic reaction of non-calcined clays are
however to slow to be of interest for cement and concrete technology, and calcination seems
necessary to make it a beneficial additive.

An advantage by using calcined clay as pozzolan in concrete compared with other pozzolanic
materials is the access of the material all over the world and its low price, even though some
energy has been spent on calcination.

A lot of researches have been performed over the years on clay mineral kaolin. Calcined kaolin
gives metakaoline, a highly pozzolanic material not mention here. A review on metakaoline can
be found in Bensted and Barnes (2005) and in a study by Soduza and Molin (2005), and is not a
part of this report.

The optimal calcining temperature depends upon the nature of the clay mineral and the thermal
energy required combining hydroxyl ions to oxide and water. Grinding can also be advantageous
by braking up particle agglomerates and exposing additional surface for reaction.

Calcining natural pozzolans containing clay at 600- 800°C increases the performance, but it is
ineffective on glassy or zeolitic materials. The thermal treatment destroys the crystal structure of
the clay minerals witch is transformed to an amorphous and very reactive structure. Calcinations
have therefore two positive effects [Bensted and Barnes, 2002]:

e It reduces the high water demand associated with the presence of clay minerals

e It increases the active phase content

The burning or calcining temperature of clays is crucial and affects the pozzolanic reactivity of
the resulting product. The clay is in its most reactive state when the calcining temperature leads to
loss of hydroxyls and results in a collapsed and disarranged clay structure. The calcining
temperature producing the active state is usually in the range of 600-800°C [Sabir et al., 2001].



SINTEF 10

According to Forrester (1974) the optimum calcining temperature is not directly linked to the
decomposition temperature of clay as indicated by DTA/TG. The strength of lime-calcined clay
mixes drops significantly above a certain calcination temperature as shown in Fig. 5.

strength

compressive sirength (MPa)
weight lass (%)

1 1 1 ! 1 !
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Fig. 5 Weight loss and pozzolanic reactivity as a function of temperature [Forrester, 1974]

Not only is the calcination temperature important, but also the length of time the clay experiences

this temperature as illustrated by strength of lime-calcined clay mixtures by the same authors in
Fig. 6.
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Fig. 6: Effect of temperature and time of activation on the strength of lime-pozzolan mortars cured
at 50°C for 7 days [Forrester, 1974]
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Table 2: Effect of calcining on the structure change of clays [Shi, 2001], by using DTA.

Step Temperature (°C) | Structure change

Stepl | <180 Loss of surface and adsorbed water

Step Il | 180-500 Dehydroxylation of the clay structure

Step I11 | 600-800 Rupture of bonds and collapse of clay structure
Step IV | 900-1000 Formation of new high temperature phases

In 1945 indicated Mielenz et al. that calcination will improve the quality of some pozzolans,
reduce quality of other, and induce pozzolanic properties in some otherwise essentially non
reactive-substances. After many year of research a number of clay pozzolan materials were tested
for grindability and fineness, specific gravity, water requirement, time of set, reactivity with lime,
compressive strength of mortar cubes and many chemical analyses. This report reviewed
reactivity with lime, compressive strength and chemical analysis on clay types like
montmorillonite, illite and mixed clays with vermiculite. The raw clay materials were calcined in
a temperature range from 204°C to 1093 °C. The mix proportions on mortars by weight on all the
calcined clay materials was water = 0.6, Portland cement = 0.65, calcined clay = 0.245 to 0.273
and sand = 2.42 to 2.56. For raw clay it was a water demand of 0.9 by weight, and the rest of the
properties were the same as for the calcined clays.

Montmorillonite type clay [Mielenz et al, 1945] was changed greatly by calcination, and increased
with calcination temperature. The water requirement for producing lime-pozzolan paste of normal
consistency ranged form 32 to 165 %. The setting time of lime-pozzolan paste decreased
markedly with calcination of the pozzolan, usually to a minimum after calcination at 538°C to
760°C. Calcination at higher temperatures increased the setting time. Compressive strength of
Portland cement-pozzolan mortar increased with calcination, the maximum strength was obtained
after calcination at 650, 760, 870 or 980°C, depended on the composition of the pozzolan. The
highest compressive strength measured in average of all the samples was obtained by calcination
at 760°C after 7 days curing.

Illite type clays [Mielenz et al, 1945] were affected significantly by calcination in the range from
425°C to 980°C. Water demand decreased moderately, especially after sintering of the clay by
calcination at 980°C. Setting time of the lime-pozzolan was reduced to a minimum by calcination
of the pozzolan at 760°C. Compressive strength of the lime-pozzolan mortar was improved
slightly or moderately by calcination, and maximum strength was obtained after calcination at
960°C at 7 days of curing.

Mixed clay [Mielenz et al, 1945] was affected slightly by calcination to 980°C. Before calcination
non of the materials in this group caused final set of lime-pozzolan paste at ages less than 1,000
hours, and some of them caused no final set of paste even after calcination at 535°C. The
compressive strength of Portland cement-pozzolan mortar at age 90 days ranged from 50 to 91 %
of that the control mortar, reaching a maximum after calcination at 980°C.

Pozzolanic reactions of six principal clay minerals were studied by He et al. (1995). Five so called
standard clay minerals illite, Ca-montmorillonite, Na-montmorillonite, mixed layer mica/smectite
and sepiolite were obtained from American Clay Minerals Society. Kaolinite was supplied by the
Royal Porcelain. Chemical compositions of most clay conformed well to the pozzolan
requirement in ASTM C 618 for the content of SiO,, Al,O; and Fe;Os. The sum of acidic and
amphoteric oxides in the investigated clays was: Kaolin 82.0 %, illite 80.6 %, mixed layer
mica/smectite 88.1 %, Na-montmorillonite 86.4 % and Ca-montmorillonite 86.7 %. It was not
realistic to apply the compositional ASTM requirement on sepiolite because it’s a magnesium
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silicate with only traces of Al content. The loss on ignition could differ substantially from the
values in ASTM because the values are depending on the atmospheric humidity. They meant that
the threshold of the loss on ignition might be too tough for untreated clays that are characterized
by high water absorption.

He et al. (1995) measured compressive strength of mortars on mini-RILEM prisms cured in water
at 40°C for 28 days. The mortars had a ratio of cement, clays and sand of 70, 30 and 300 by
weight, respectively. Kaolin compared with other clays and Ordinary Portland Cement (OPC)
increases the compressive strength the most, up to 113 % of pure OPC when calcined at 550°C.
And it remains in this range during further calcination up to 950°C. This indicates that it is
economical to treat kaolin at 550°C to obtain a fairly good pozzolan. Illite on the other hand is a
generally poor pozzolan even for the highest calcination temperature of 950°C. The maximum
compressive strength of this mortar reaches only 70 % of that for 550°C kaolin. Ca-
montmorillonite and Na-montmorillonite showed high compressive strength when calcined at
830°C. This is probably due to the content of amorphous SiO, achieved at lower calcination
temperature, combined with particle size distribution and other factors. However, overheating to
930°C gave a substantial loss of mortar strength. The results are presented in Table 3.

Table 3: Compressive strengths (CS) in mortars containing untreated (U) and optimally calcined
(O) clays and reference materials. The mortars after 28 days curing at 40 °C have a ratio
of cement:clay:sand=70:30:300 in weight.

Sample Optimum CS (MPa) CS/IOPC CS/550 °C-
temp [°C] (%) kaolin
U o] U (0] U O

Kaolin 650 | 375 846 54 | 122 108
Ilite 930 | 385 54.6 56 79 70
Ca-mont 830 53.6 86.7 77 125 111
Na-mont 830| 29.8| 781 43 | 113 100
Mixed 960 | 25.2( 779 36| 113 99
layer

Sepiolite 830 142 | 58.3 20 84 74
Silica fume 78.4 113 100

Slag 77 111 98

Fly ash 61.1 88 78

OPC 69.2 100 89

The properties of laboratory and field burnt clay pozzolans from three sites in Northern Oman
(Fanja, Al-Fulaij and Bahla) were studied by Al-Rawas and Hago (2006). The raw clays used in
the study were classified as artificial pozzolans and burnt at 740°C for two hours. One purpose
designed furnace to burn clays at the desired temperature was used for the laboratory burnt clay.
The chemical compositions of the clay indicated the sum of SiO,, Al,O3; and Fe,O3 of Fanja, Al-
Fulaij and Bahla to be 80.9, 77.4 and 52. 8 %, respectively.

All tree clays were classified as clays of low activity [Al-Rawas and Hago, 2006]. The clay with
the highest plasticity index was Al-Fulaij (23 %), and Fanja and Bahla have 20 % and 22 %,
respectively. The clay content was Al-Fulaij (44 %), Fanja (20 %) and Bahla (22%). In 1998
indicated Al-Rawas et al. that high clay content gives higher compressive strength. Al-Fulaij clay
was expected to produce a pozzolan with high compressive strength based on the clay content.
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Fanja kiln-burnt clay obtained the highest compressive strength of 18.3 MPa after 28 days curing.
Fanja laboratory-burnt clay obtained the highest compressive strength of 26.5 MPa after 90 days
curing. Bahla kiln-burnt sample showed the lowest compressive strength, with a maximum of 4.8
MPa at 90 days. The strength results were as expected from the chemical composition, but not
according to the clay content. Thus, the chemical composition and compressive strength results
showed good agreement. The compressive strength result showed that all samples developed
strength with time. All the mixes had proportions by mass: burnt clay = 1, lime = 0.33, sand =
0.67 and water = 0.5 (i.e. no cement).

Yogananda and Jagadish (1988) found also that some common burnt clay gave good pozzolanic
activity. The mineralogy of these clays was not given (content of kaolinite unknown), but the
chemical composition showed sum of SiO2, Al20s and Fe203 > 70 % (requirement for good
pozzolan according to ASTM 618) for the best ones.

Chakhouk et al.(2006) studied clays from five different locations in Tunisia calcined at 600, 700
and 800°C. The clays were named after sites of location: Mednine (A3), Zarmdine (Zr), Gabes
(Gb) and Tabarka (Th2 and Tb3). Geotechnical, chemical and physical properties of both
untreated and calcined clay samples were determined. The pozzolanic activity of the calcined clay
was evaluated by compressive strength performed on calcined clay-calcium hydroxide mini-
cylinders. The chemical composition of the clay calcined at 800°C was determined by X-ray
fluorescence. They compared the chemical composition with the ASTM C618 requirement and
Indian requirement; the results are presented in Table 4.

Table 4: Chemical criteria for Pozzolanic activity of the calcined clays at 800°C [A. Chakchouck
etal., 2006]

ASTM requirement Indian requirement

Si0>+ALO;+  80O3<  LOI<  Ca0<  SiO,+ALO;>
Fe;03>70% 4% 10% 10% 50%

Al  BB54 0.30 1.64 312 B2.24
A3 B647 0.40 2.07 254 7959
Gb 8384 0.51 3.01 19.84  B80.14
Tb2 96.74 0.57 1.54 034 9548
Tbl 9691 0.30 1,72 0.79  95.64
Zr 89.56 0.81 1.43 .70  B4.28

It was difficult to predict the pozzolanic capacity of samples Al, A3 and Zr based on X-ray
diffraction (XRD) results. These samples were composed of a mixture of clay minerals and non-
clay minerals. XRD patterns show that the clay minerals presence in the samples A3 and Zr was
kaolinite, illite and montmorillonite. Such clay minerals can be capable of producing pozzolans
according to theory. Sample Al was kaolinite with illite presence, and the non-clay minerals in all
the samples were mainly quartz and calcite. Sample Gb had a low plasticity index, a high CaCOs
content (determined by calcimetry) and was essentially composed of quartz and calcite (according
to XRD), so they concluded that the sample may not represent any pozzolanic activity.Table 5
shows the XRD results of the clay samples.
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Table 5: XRD results

Kaolinite Illite Montmorillonite Quartz Calcite Others

Al + + + + Muscovite

A3+ + + + Dolomite,
hematite

Gb + + ++ +

Th2 ++ s Anatase

Thl ++ H Anatase

Zr  + + + + Albite

+ present.

++ abundant.

All the samples was ground to finer than 5 um and heated from ambient to 600, 700 or 800°C for
5 hours using differential thermal analysis (DTA). From these data Chakhouk et al.(2006) chose
to use range of calcination temperatures between 600 and 800°C, which ensure a complete
dehydroxylation and avoids the structural reorganization. For kaolinite 600°C was sufficient to
produce the dehydroxylation. DTA analyses indicated that in samples (Al, A2 and Zr) with
mixtures of clay minerals, only kaolinite transformed into amorphous phase, while illite and
montmorillonite was not activated by heat treatment less than 800°C. He et al. (1995) indicated
that optimum calcination temperature for illite was 930°C.

Table 6: Compressive strength (MPa) of calcined clays (CC) — lime (CH) mixtures at different
calcination temperature [Chakchouck et al., 2006]

Calcination CC/CH=1 CC/CH=3

femperlre 6o 700 80 600 700 800
Al 03 04 07 05 0.7 1.0
A3 1.4 1.5 14 30 2.5 3.9
T2 58 79 80 79 97 108
Tb3 94 97 88 95 11.9 0.8
Zr 18 17 07 1 2.1 25

The samples with the highest amount of kaolinite (see Table 5) obtained the highest compressive
strength (Tb 2 and Th3) as shown in Table 6.

A study on moler was performed by Johansen and Andersen (1989). Moler belongs to the group
of natural pozzolans consisting mainly of a mixture of montmorillonite and siliceous diatom
skeletons in the form of amorphous opal. The clay was burned at a temperature of 900 °C which
dehydrates the clay and diatom components, and a mixture of amorphous silica and aluminum
oxide was obtained. The chemical composition was determined by x-ray fluorescence to a total of
90.9 % SiO2, Al20s and Fe20s3, and with loss on ignition of 2.2 %, and the pozzolanic activity
index was determined to 78.8 %. The chemical content and loss on ignition are acceptable
according to ASTM C 618 and ASTM C311 requirements, respectively

For investigating the behavior of concrete containing calcined clay Detwiler et al. (2001) used
calcined clay either as an admixture or as a component of blended cement. Four concrete mixtures
with water-cementitious materials ratio (w/cm) of 0.4 were studied. Type | cement with 20 %
calcined clay admixture by substitution, 68 % type | cement + 17 % calcined clay admixture + 15
% class C fly ash, type I cement with 30 % calcined clay admixture by substitution and type I
cement only (control mixture) were studied. With respect to resistance to chloride-ion intrusion,
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the 20 % and 30 % calcined clay concretes showed about the same results, with apparent diffusion
coefficients of about 1/3 of the control. All the three combinations containing calcined clay
produced acceptable results on alkali-silica reactivity tests. The compressive strength was tested
according to ASTM C39, and all specimens meet the required 28 days strength of 40 MPa. The
results showed that use of calcined clay improved the properties of the concrete in all of the
dosages tested. All of the mixture combinations were better than the control.

A recent study done by Fernandez et al (2007) on Cuban clay using X-ray diffraction identified
the illite and montmorillonite type clay. The content of SiO,, Al,0; and Fe,O3; was 57.7 %, 18.7
% and 7. 1 %, respectively. Hydration and pozzolanic reactions were stopped at 1, 7, 14 and 28
days on pastes where 30 % of Ordinary Portland cements were replaced with calcined clay.
Calcination at 800°C with rapid cooling of the clay gave the best pozzolanic clay based on
microstructure analysis.

3.2 LWA fines

Mirza and Al-Noury (1988) worked on pozzolanicity of LWA fines according to the literature
search, but look relevated that this was fines from excavation of natural light weight materials
(e.g. pumic stone) rendering this as a natural pozzolan, which is not a part of this report.

Zhang (1993) studied the pozzolanic activity of three finely ground LWAs; Liapor 8, HS Leca and
Lytag. They were ground to Blaine finenesses 459, 467 and 371 m?/kg, respectively, and replaced
a low alkali Portland cement by 16 % keeping w/(c+LWA) = 0.5. The change in calcium
hydroxide content after 7 months sealed curing at 20°C was determined by DTA/TG. The sum of
Si0,, Al,O3 and Fe,O3 was 86.6, 85.7 and 89.6 % for Liapor 8, HS Leca and Lytag, respectively.
However, after curing the content of calcium hydroxide in OPC and OPC replaced with 16 %
Liapor 8, HS Leca, Lytag and silica fume (as reference) was 24.3, 21.9, 21.5, 21.5 and 5.8 g/g
ignited cement, respectively, corresponding to only 11% reduction by the LWAs compared to
76% by SF. The low pozzolanic activity of the LWAs here compared to that of Dahl et al (2007)
studying Leca fines of 5 um could be the lower fineness of about 15 um (since Blaine was about
same as cement) and the low alkali level of the cement (about 0.6 % Na;Oeq) that could catalyze
the pozzolanic reaction. Alternatively, the high strength Leca could have a different composition
or been fired at higher temperatures than ordinary Leca.

Dahl et al. (2007) studied finely ground lightweight aggregate (micro LWA by maxit) as pozzolan
material. The chemical composition was in total of SiO,, Al,O3 and Fe,O3; 82.3 %. This material
is clay burned at a temperature (1,150°C) leading to sintering and glass formation. They found
that such cement replacement material increased the concrete resistance to chloride ingress,
reduced alkali aggregate reactions and increased the sulfate resistance. It was also possible to
make concrete with good resistance to freezing and thawing cycles when 15 % 5 pum Micro LWA
replaced the cement content. By replacing 15 % of the cement content with micro LWA the
compressive strength was more sensitive to temperature and time. The conclusion was that the
compressive strength at 28 day curing was 10-15% lower at 5°C, about equal at 20°C and 15 %
higher at 35°C compared with the reference mix.

3.3 Ricehusk ash (RHA)

Formerly, the main use of rice husk (RH) was as fuel in rice paddy milling process. The use of
this fuel generates a huge volume of ash. The rice husk ash (RHA) had then no useful application,
and was usually dumped into water streams causing pollution and contamination of springs.
Recently, modern power plants are fueled by RH (e.g. Thailand) making RHA more available
industrially in lager quantities.
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Because rice husk ash is available in many parts of the world, and in large quantities, makes it an
interesting by-product for use as supplementary cementing materials in concrete. The presence of
mineral admixtures in concrete is known to impact significant improvements in workability and
durability. Rice husk ash is classified as an artificial pozzolan according to Table 1.

By burning the rice husks under a controlled temperature and atmosphere, a highly reactive rice
husk ash is obtained. The amorphous states were obtained from the ash because of the suddenly
cooling of the rice husk after burning. Some indicate that this ash consists of non-crystalline silica
and produces similar effects in concrete as silica fume. However, unlike silica fume, the particles
of rice husk ash possess a cellular structure, which is responsible for the high inner surface area of
the material even when the particles are not very small in size [Coutinho, 2003]. Unlike other
pozzolanic materials, the concrete incorporating the RHA shows excellent strength development
at early-age even without steam-cure [Wada et al., 2000].

Rice husk consist of about 40 % cellulose, 30 % lignin group and 20 % silica, and hence the ash
contains a large amount of silica [Chindaparasirt et al. 2007 and Coutinho 2003]. The chemical
composition is important for pre-treatment to be given to rice husk for further processing, and it’s
found to vary from sample to sample. The differences in the type of paddy, crop year, climatic and
geographical conditions, in addition to the sample preparation and method of analysis, could be
the reason for this variation [Chandrasekhar et al., 2003].

When rice husk is burned at temperatures 550 - 700°C, rice husk ash with cellular microstructure
is produced. Burned rice husk give 14-20 % ash by weight which contains approximately 90 % by
weight silica and minor amounts of other elements.

Rice husk ash contains high silica content in the form of non-crystalline or amorphous silica. That
makes rice husk ash suitable for use as a pozzolan to replace part of the Portland cement content.
The reactivity of rice husk ash as pozzolanic material depends on the crystalline/amorphous ratio
and varies with the source of rice husk ash. And the quality of ash prepared depends on various
heating conditions like temperature, rate of heating and soaking time [Chandrasekhar et al., 2006].
Thus, the evaluation of the amount of amorphous silica becomes very important.

Rice husk ash is slightly blackish due to the presence of unburned carbon. Rapid heating of the
rice husk does not allow the oxidation of carbon before the surface melting occurs, which result in
a higher amount of black particles. Lower heating rate reduces the amount of black particles
because the oxidation of carbon takes place before surface melting of silica. By treating the rice
husk with diluted acid the carbon content reduced. Followed by etching it can be prepared pure
white amorphous silica [Chandrasekhar et al., 2006].

The enhancement of resistance to chloride penetration is also one benefit from using rice husk ash
as pozzolan. The improvement is mainly caused by the reduction of permeability/diffusivity,
particularly to chloride ion transportation in the blended cement concrete.

[Sarawathy and Song, 2007]

In 2001 Coutinho replaced 10 %, 15 % and 20 % of the cement content with Portuguese rice husk
ash. Strength at 80 days, capillary absorption and chloride resistance was carried out to evaluate
the durability of concrete made with RHA. The rice husk was incinerated in an oven heated up to
650 °C, and maintained at that temperature for 8 hours, then cooled down to room temperature
and the RHA was ground. The strength of the RHA mixes was compared with a control mix (not
added RHA) and a mix with 10 % silica fume after 80 days of curing. Results in Table 7 shows
that using RHA as partial cement replacements enables higher compressive strength than the
control concrete (0 % RHA) and also higher than 10 % silica fume concrete.
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Table 7: Compressive strength after 80 days curing.
Sample Strength (M Pa)

1 2 3 Average
Control (0% RHA) | 36.2 [ 35.433.7351+£1.3
10 % Silicafume 39.4138.6]38.1|38.7+0.7

10 % RHA 41.0 (423|412 |41.5+£0.7
15% RHA 40.7 1443 140.1|41.7+23
20% RHA 42.6 |142.7143.7|43.0+£0.6

A study on the sulfate attack resistance and compressive strength by adding RHA was performed
in 2007 by Chindaparasirt et al. Rice husk were burnt at temperature 600°C and the ash was
ground in a laboratory rod mill to reasonable fine particles. RHA contained high silica content (90
%) and low loss on ignition (3.2 %) that suggested RHA was burned relatively complete. RHA
were used in replacement dosages of 20 % and 40 % of Ordinary Portland Cement (OPC).

Expansion of mortar prism immersed in 5 % sulfate solution and the change in the pH values of
the solution were monitored for mixes with fly ash and RHA. It was found less calcium sulfate
and much less ettringite formation in mortars blended with RHA. This was confirmed by using
SEM.

For RHA mixes the initial compressive strength was low due to the high water-to-binder ratio for
the mixes, because of high water demand. For replacements level of 20 % RHA, the strength at 28
days of curing in water was 54 MPa, although the W/B ratio was higher than for the OPC mix
giving 51MPa.That indicated RHA was quite reactive and resulted in hydraulic binder. They
concluded that RHA at a dosage of up to 40 % cement replacement was effective in providing
sulfate resistance that together with reasonable compressive strength development for the
concrete.

Rice husk from Vijayawanda, India were studied by Chandrasekhar et al. (2006). The rice husk
were boiled in 0.1 N HCI for 1 hour and then washed thoroughly with distilled water. The rice
husk not treated with acid as well as the acid treated was heated at different temperatures from
500-1000 °C. The effect of the heating rate was characterized with X-ray diffraction patterns. The
study indicates optimal temperature of 700 °C and soaking time for 2 hours for the preparation of
amorphous and reactive silica from rice husk.

Chandrasekhar et al. (2006) used standard wet chemicals methods supported with instrumental
techniques to determine the chemical composition. The samples were treated with saturated
Ca(OH); solution which reacted with the silica, and unused Ca was estimated by complexometric
titration. The SiO, content in acid treated and untreated RHA was 97.8 and 89.5 %, respectively.
The loss on ignition (LOI) in acid treated and not treated ash was 1.85 % and 2.11 %,
respectively. Despite of the presence of black carbon particles in the untreated ash, it is
interesting to note that the LOI was almost the same in acid treated and untreated RHA. That
could indicate that the black particles are acid insoluble carbon. The cause of this can be due to
the fact that potassium in the rice husk causes surface melting at low temperature, so the carbons
gets entrapped giving black color to the ash.

According to NS-EN 13263-1 for silica fume, the SiO, content requirement is > 85 %. The rice
husk ash complied with the requirement of SiO, content for both samples. These correspond with
the fact that rice husk ash from Vijayawanda in India is a pozzolanic material.
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Highly reactive pozzolanic rice husk ash was studied as a supplementary cementing material in
2003 by H. Yamamichi et al. 100x200 mm concrete cylinders were moist cured at 20°C and 85 %
relative humidity for 2 days, and then cured in water at 20°C determination of the compressive
strength at 3, 7, 28 and 91 days. At both 3 and 28 days of curing the compressive strength
incorporating rice husk ash was higher than for the reference mix. The concrete containing RHA
percentage of 0, 10, 20 and 30 % at the age of 7 days showed compressive strength of 39.6, 53.0,
65.0 and 70.9 MPa, respectively. Thus, the compressive strength for concrete with RHA was
approximately 34-80 % higher than for the control concrete with 0 % RHA. The strength of
concrete with RHA increased with time for all dosages of RHA.

Wada et al. (2000) investigated also highly reactive rice husk ash. The effect of the RHA on
strength and durability was reported in the paper. They found that the compressive strength of the
mortar and concrete were significantly improved by the RHA addition, and higher than those are
for the control mortar and concrete. Recently studies showing increased compressive strength are
also reported by Ganesan et al. (2007), Giaccio et al. (2007), Chindaparasirt and Rukzon (2007)
and Feng et al. in 2003 as well.

3.4 Nano-silica

Recently, nano technology has attracted considerable scientific interest due to the new potential
uses of particles in nanometer (10° m) scale. The technology of nano-structured materials is
developing at an astonishing speed, and will be applied extensively on many materials. Although
cement is a common building material, its main hydrate C-S-H gel is a natural nano-structured
material. The use of nano-silica (NS) as supplementary cementing material in concrete is not as
well investigated and documented as silica fume (SF). It is common knowledge that SF has a high
pozzolanic activity and normally considered as the best mineral addition used for concrete.
Studies (Collepardi et al. 2004) show that production of concretes with nano-silica can save the
amount of silica fume whose availability on the marked is decreasing.

The pozzolanic reaction between SF and CH during cement hydration starts generally after 3 days
of hydration, but Justnes et al. (2002) found pozzolanic activity after one day. By using ultrafine
particle size as NS the specific surface and the number of atoms in the surface will increase. The
nano-scale size of particles can result in improved properties from conventional grain-size
materials of the same chemical composition. The studies on nano-silica use silica fume as
comparison, because SF has been studied for many years. Bjonstrom et al. (2004) questioned
whether the more rapid hydration of cement in the presence of nano-silica was due to its chemical
reactivity upon dissolution (pozzolanic reactivity) or to the high surface activity.

Schwarz et al. (2007) meant that the setting and hardening phases of cement hydration was
accelerated by the presence of nano-silica in mixtures. They also claimed that nano-silica
modified pastes exhibit in a significant degree of matrix densification at early ages, and that it
could be observed from their conductivity response as well as compressive strength results.
However, compressive strength results in some studies (e.g. Qing et al. and Schwarz et al) show
higher strength at earlier age compared with silica fume. This could mean that NS modifies
formed CSH directly by incorporation rather than forming more CSH through pozzolanic reaction
as with CH and SF.

Qing et al. (2007) compared the influence of nano-silica (NS) added in cement paste with silica
fume (SF). Both NS and SF in the study were commercially available materials, supplied by
Mingri Nano-material Ltd. and Zhunyi Ferralloy Ltd. in China, respectively. The content of SiO,
was 99.9 % for NS and the chemical composition of SF was 92.1 % SiO, 2.04 % Al,O3 and 1.08
% Fe,03. The XRD powder patterns of NS and SF showed a strong broad peak characteristic for
amorphous SiO..
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For all the cement pastes, a cement plus addition: water:superplasticizer ratio of 1:0.22:0.025 was
used. Test specimens were produced by replacing the cement with 2, 3, and 5 % SF and 1, 2, 3
and 5 % NS by weight. The control mix was without NS and SF. It was found that the
compressive strength of all the mixes with NS was higher than for the control mix, and especially
at 3 days of curing. Furthermore, with increasing the NS content, the paste strength increased.
Increasing the SF content lead to a lower strength than for the control mix at 1 and 3 days of
curing, but at ages of 28 and 60 days increasing strengths with increasing SF content were higher
than those of the control mix.

Byung-Wan et al. (2007) studied cement mortars with NS replacement of 3, 6, 9 and 12 % by
weight of cement. To compare the compressive strength, cement mortars with 5, 10 and 15 % SF
by weight of cement were produced. The SF used in the study was in a powder form, and the NS
is particles with SiO, content of 95 % and 99.9 %, respectively. The compressive strength
development for mortar mixtures containing NS was all higher than that of the control (SF)
cement mortars with the same w/cm ratio of 0.35. That could indicate that the nano-particles are
more effective in pozzolanic reaction than SF. A higher content of NS must be accompanied by
adjustments of the water and high-range water-reducing admixture dosage to ensure that
specimens do not suffer from excessive self desiccation and cracking, as well as maintaining
castability. It was not observed in the study that the use of high quantity of NS reduces the
compressive strength of composites instead of improving it. However, they suggested that the
optimum content of NS should be 6 % at a w/cm ratio of 0.23.

Li et al. (2004) reported the mechanical properties and the SEM observation of mortars mixed
with nano-silica. They replaced 3, 5 and 10 % of the cement with nano-silica with 99.9 % SiO, at
a w/b ratio of 0.5 for all the mixes. The compressive strength for all the specimens at 7 and 28
days of curing were higher than for the plain cement mortar with the same w/b ratio. 10 %
replacement of cement with nano-silica obtained the highest compressive strength of 21.3 and
36.4 MPa at 7 and 28 days, respectively. The nano-silica was effective in improving the strength,
with increasing amount cement replaced. The SEM observations also revealed that the nano-silica
was not only acting as filler, but also as an activator to promote hydration. If the nano-particles
were uniformly dispersed it could improve the microstructure of the cement paste as well.

Shih et al. (2006) studied a liquid form of nano-silica particle (40.6 % SiO, of slurry weight) in
five different dosages (0, 0.2, 0.4, 0.6 and 0.8 % by weight) added to the Portland cement paste.
The compressive strength increased with amount of nano-silica until it reached an optimal amount
of 0.6 %, and then dropped to some lower value at 0.8 % addition. Addition of 0.6 % obtained the
highest compressive strength at all ages with the highest value of 65.6 MPa after 56 days of
curing. The much lower dosages of NS suspensions required than for the NS powder used in other
studies indicates a much better distribution in the matrix.

3.5Glass

Recycling of waste glass poses a major environmental problem. Moreover, waste glass is
potentially a very useful material and appropriate economical applications need to be found for it.
Glass is a unique inert material that could be recycled many times without changing its chemical
properties. Unfortunately, a lot of glass become unsuitable for use or sent to landfill.

A major concern regarding the use of waste glass in the alkaline environment of concrete is
related to susceptibility to alkali-aggregate-reaction (AAR). This property has been used as
advantage by grinding it into a fine glass powder for incorporation into concrete as a pozzolanic
material. Glass could fit in to the features for pozzolanic material such as, the high content of
silica, amorphous material and large surface area. Glass could be ground to a size fine enough to
passify the alkali-silica reaction and to activate the pozzolanic behaviour [Shao et al. 2000].
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Chen et.al has shown in laboratory that the chemical composition of the glass does not vary a lot,
with the exception of alkali that varies from 0-22 %. Utilizations of waste glass used as aggregate
in concrete [Shayan and Xu, 2004 and Dahl, 2000] have also been evaluated.

Some studies have been performed regarding the use of glass as a pozzolanic material. In 2005
Shi et al. researched glass powders due to their particle size and specific surface area. It was found
that the finer glass powder, the higher was the pozzolanic reactivity. Results form testing
indicated that 20 % replacement of cement with ground glass powder also reduced the AAR-
induced expansion, although it is not as effective as coal fly ash.

The most recently studies on plain and coarse glass powder was in 2007 by Schwartz et al. They
found that the glass powder replaced with 10, 20 and 30 % cement gave a lower compressive
strength than the control with no additive. This may be due to reduction in the cement content and
increased effective w/c, which increased the porosity.

Klingstedt et al. (1993) investigated glass filler as additive to concrete. They focused on rheology
but also acknowledged a slow pozzolanic activity.

4 FUTURE RESEARCH

Among the alternative pozzolans, calcined clay is perhaps the most interesting to pursuit due to its
availability and relatively cheap price coupled by the relatively low energy demand for
calcination. However, clays differ a lot in composition and efforts should bee made in finding
good clay (screening) before detailed studies are continued for the most promising ones.

Rice husk is also an interesting alternative pozzolan to look into, although the availability is far
from Norway. It may also need some further processing before it can be used in concrete.

Nano silica seems to be an expensive way of obtaining properties that may be achieved by
cheaper means and is thus not recommended to look further into. However, an eye should be kept
on on-going international research.

The pozzolanic activity of ground glass seems too slow to be of interest for further studies.

5 CONCLUSION

The available literature on the pozzolanic materials calcined clays, light weight aggregate fines,
rice husk ash, nano silica and ground glass as alternatives to the more common ones, like fly ash,
slag, metakaoline and silica fume, has been reviewed.

From this perspective, calcined clay seems the most interesting one to focus on in further research
both due to the overall availability and low price. The pozzolanic activity depends on the
distribution of minerals in the clay and efforts should be taken in finding a few good sources. The
calcination temperature and time is also of importance and temperatures in the range 700-800°C
seems in many cases sufficient. Calcined clay seems to be equally interesting from a durability
point of view rather than just strength in concrete applications.

Light weight aggregate (LWA) fines consist of clay being burnt to a temperature where sintering
and formation of glassy aluminosilicate have occurred. When LWA have been ground fine
enough (5-10 um) they posses a reasonable good pozzolanicity enhancing the durability of
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concrete when replacing cement. Grinding can however be costly and calcined clay may thus be a
better option.

Rice husk ash is also of interest as alternative pozzolan, but its availability seems to be
concentrated in India and South-East Asia. However, this does not need to be a too big draw-back
for international active businesses. It seems, however, that rice husk ash may benefit from some
further processing before being used successfully in concrete as an active pozzolan enhancing
both strength and durability.

Nano silica may give important improvement in concrete properties when added well dispersed as
for instance as a suspension and not dried particles. However, the price is quite high and a
cost/benefit ratio should be evaluated as well as the possibility of achieving similar properties by
cheaper means.

Ground, recycled glass seems not to be of interest as a pozzolan for concrete since the activity is
too slow, but it may be beneficial for rheological properties since it decreases the water demand of
concrete. The pozzolanic activity might be increased by finer grinding, but the cost associated
with this may be prohibiting.
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