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| ntroduction

The use of lightweight aggregate concrete (LWAC) can be traced
to as early as 3000 BC, when the famous towns of Mohenjo-Daro and
Harappawere built during the Indus Valley civilization. In Europe, earlier
use of LWAC occurred about two thousand years ago when the Romans
built the Pantheon, the aqueducts, and the Colosseum in Rome. It is
interesting to note that pumice is still used today as an aggregate for
structural concretein certain countriessuch asGermany, Italy, Iceland, and
Japan. In some places, like Malaysia, palm oil shells are used for making
lightweight aggregate concrete.

Earlier lightweight aggregates (LWAS) were of natural origin,
mostly vol canic: pumice, scoria, tuff, etc. Thesehavebeen used both asfine
and coarse aggregates. They function as active pozzolanic materials when
used as fine aggregates. These interact with the calcium hydroxide gener-
ated from the binder during hydration and produce calcium silicate hydrate
which strengthensthe structure and modifiesthe pore structure, enhancing
the durability properties.

With the increasing demand and the non-availability of natural
LWAs worldwide, techniques have been developed to produce them in
factories. Theseare produced from the natural raw materialslike expanded
clay, shale, date, etc., aswell asfrom industrial by-productssuchasfly ash,
bed ash, blast furnace slag, etc. The properties of the aggregates depend
upon the raw materials and the process used for producing them.



2 I ntroduction

Today, lightweight aggregatesare producedinavery widerangeof
densities varying from 50 kg/m? for expanded perlite to 1000 kg/m? for
clinkers. With theseaggregatesand highrangewater reducers, itispossible
to make LWAC of 80 MPa 15 cm cube compressive strength.

Because of the practical advantages which it possesses, LWAC
has, in recent years, become an important structural material and the
demand for it isincreasing. A savings in the weight of the superstructure
meansthat foundati onscan bereducedinbulk, andtimeand expensessaved
in erection and handling of components, so that smaller lifting equipment
can be employed or larger precast units can be handled.

Thelow density resultsin high thermal insulation of buildingsand,
in some instances, the thickness of roofs and walls can be reduced. Where
there isreduction in weight, a higher degree of thermal insulation will be
achieved.

Nearly all LWACs are inherently fire resistant. In addition, de-
pending uponthedensity and strength, theconcretecan beeasily cut, nailed,
drilled, and chased with ordinary wood-working tools. One such example
is 3L concrete developed at the Chalmers University of Technology,
Goteborg, Sweden. The name is given on the basis of three properties:
lightweight aggregate concrete, |low density, and strength lessthan 20 M Pa.

Inthe UK, clinker aggregate concrete was used in the construction
of the British Museum in the early part of the 20t century. The output of
clinker aggregates increased enormously in the ensuing decades, but its
manufactureisnow declining sinceoil and other fuelsaremorewidely used
for firing the furnaces. Thistrend islikely to continue and, as aresult, the
use of sintered pulverized fuel ash (fly ash) has been steadily increasing
over thelast decades. Besidesthis, other types of asheshave al so been used
for producing aggregates like bed ashes from boilers, etc.

In 1918, Stephen J. Hayde patented the lightweight aggregate
“Haydite,” the first one made by the expansion of shale, which came into
production in the US. Synthetic aggregates of thistype have been univer-
sally accepted, making satisfactory reinforced or prestressed concrete.

Other early applications are the ships built with the LWAC at the
end of WorldWar |, 1917. Oneof thefamous shipswas namedSel ma. After
somany yearsof serviceinharshclimates, itisstill insatisfactory condition.
Thisspeaksof the durability of lightweight aggregate concrete. In addition
tothematerials, thetechniquesadopted by the ship buildersto construct the
shipisequally important. It wassowell constructed that some of thefactors
have become specifications for ship making.
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Thefirst building frame of reinforced LWAC in Great Britain was
athree story office block at Bentford, near London, built in 1958. Since
then, many structures have been built of precast, in-situ prestressed, or
reinforced lightweight aggregate concrete.

With an increase in off-shore construction, and the general reluc-
tancefor using LWAC dueto itslow density and strength, the demand for
improved strength has increased. This has led to the development of high
strength structural lightweight aggregate concrete (HSLAC), specifically
in Norway. The low strength of the aggregate has been balanced by using
high strength cement mortar. Because this high strength matrix hasadense
pore structure, it may decrease the insulating properties in comparison to
the normal strength lightweight aggregate concrete.

The dense cement mortar matrix of the high strength LWAC also
decreasesfireresistance. However, thiscan beimproved by modifying the
pore structure using polymers, air-entraining agents, or polymer fibers. By
the use of industrial by-productslikefly ash, slag, and other types of ashes
in making LWA, ecological and environmental problems are solved to
some extent.

Lightweight aggregate is expensive, but the cost is cal culated not
justonthebasisof aggregatesor LWAC. Other costsinvolved aretakeninto
consideration also, like working cost, reinforcement cost, transport cost,
etc. Beinglightweight, itiseasy for theworkersto handleand they complain
less of back pain. The biggest advantage, which is generally not raised, is
the enormous expenditure involved in medical aid to workers. Conse-
guently, the contractor has to find substitute workers to avoid project
delays. Another advantageisinthe demolition cost. It takes |ess energy to
demolish LWAC compared to normal concrete, as smaller equipment can
be used. Apart from this, sinceit containsair, the amount of the waste will
be less than when using normal concrete.

The bond between the aggregate and the matrix is stronger in the
case of LWAC than in normal weight concrete. Cement paste penetrates
insidethe aggregates dueto their porousnature. Thus, thereisvery littleor
no interfacial transition zone between the aggregates and the matrix, the
weakest zone. It is avery important feature from the durability aspect of
LWAC.

The use of lightweight aggregate concrete is increasing and re-
search and development are going on worldwide to develop high perfor-
mance structural lightweight aggregate concrete.



Preface

Lightweight aggregate concrete (LWAC) hasits roots in the ancient
period ca. 3000 years before the Christian Era. The aggregates used for
making concretewereof volcanicorigin. Withtime, thedemandfor LWAC
increased and technologies were developed to produce the aggregates in
factories. The raw materials used for producing lightweight aggregates
(LWA) are natura minerals like clays, shales, and dlates, as well as
industrial by-productslikefly ash, bed ash, blast furnacesl ag, etc. Synthetic
organic aggregates, like polystyrene beads, are aso used for making
insulation concrete.

Today, lightweight aggregates are avail able in awide range of densi-
ties, strengths, and sizes. This makesit possible to design concrete with a
very wide spectrum, aconcreteof very low density for insul ation and, at the
same time, a high strength concrete, more than 80 MPa 15 cm cube
compressive strength, for structural purposes. The basic advantage of
LWAC is its low density, which reduces the dead load and provides
insulating properties. Along with this, it is easy to handle, and heavy duty
tools are not required.

In spite of the increasing use and demand, there is still a lack of
adequate explanations to understand the mechanisms responsible for the
strength and durability propertiesof LWAC. Thisbook iswrittentogivean
overall pictureof LWAC, fromthehistorical background, aggregate produc-
tion, proportioning and production of concrete, to applicationsinstructures.
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Physical properties and chemical durability are described in detail.
Thephysical propertiesincludedensity, strength, shrinkage, and el asticity.
Chemical durability includesresistance to acids, chloride ingress, carbon-
ation, and freeze-thaw resistance. Fireresistanceisalsoincluded, whichis
seldom considered, but is a very important aspect of the safety of the
structure.

Microstructure devel opment and itsrelation to the durability proper-
tiesof LWAC generally are not highlighted in the literature. The devel op-
ment of bonds, the microstructure with different binder systems, and
different types of lightweight aggregates are explained. They show how
lightweight aggregate concrete differs from normal weight concrete. The
chapters on chloride ingress and freeze-thaw resistance are detailed be-
cause of theuse of LWAC in off-shore construction, especially in Norway.

Theeconomical aspectsof using LWAC area soreviewed. Emphasis
isplaced on thefact that although the cost of LWAC ishigh, the total cost
of construction has to be considered, including the cost of transport,
reinforcement, etc. When these are considered then LWAC becomes
cheaper and attractive. The life cycle cost of the concrete is another
consideration for calculating long-term savings on maintenance costs.

Some examples, from different parts of the world where LWAC is
used successfully, are also included. This is an illustrative book that
explainsdifferent phenomenainvolvedinthedesignand themicrostructure
development of concrete in a very simple language. A glossary of the
terminology and definitions is included to help practicing architects and
engineerstailor aconcrete that isresistant to the aggressive atmosphere to
which it is often exposed.

Satish Chandra Goteborg, Sweden
Leif Berntsson 1 June 2001



1

Historical Background of
L ightweight Aggregate
Concrete

1.0 INTRODUCTION

Lightweight Aggregate Concrete, LWAC, isnotanew inventionin
concretetechnology. It hasbeen known sinceancient times, soitispossible
tofind agood number of referencesin connectionwiththeuseof LWAC. It
wasmadeusing natural aggregatesof vol canicoriginsuchaspumice, scoria,
etc. Sumerians used this in building Babylon in the 3@ millennium B.C.
(Fig. 1.1). The Greeks and the Romans used pumice in building construc-
tion. Some of these magnificent ancient structures still exist, like St. Sofia
Cathedral or Hagia Sofia, in Istanbul, Turkey, built by two engineers,
Isidoreof Miletusand Anthemiusof Tralles, commissioned by the Emperor
Justinian in the 4™ century A.D., (Fig. 1.2); the Roman temple, Pantheon,
which was erected in the years A.D. 118 to 128; the prestigious aqueduct,
Pont du Gard, built ca. A.D. 14; and the great Roman amphitheatre,
Colosseum, built between A.D. 70 and 82 (Figs. 1.3, 1.4, and 1.5). In
addition to building constructions, the Romans used natural lightweight
aggregates and hollow clay vases for their “Opus Caementitium” in order
toreducetheweight. Thiswasal so usedinthe construction of the Pyramids
during the Mayan period in Mexico (Fig. 1.6).!1
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Figure 1.1. Babylon, Irag, built by Sumerians in the 3@ millenium B.C.

Figurel.2. St. SofiaCathedral, HagiaSofia, commissioned by the Emperor Justinianinthe
4™ century A.D. in Istanbul, Turkey.
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Figure 1.4. The prestigious aqueduct, Pont du Gard, builtin ca. A.D. 14.
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Figure 1.5. The great Roman amphitheatre, Colosseum, built between A.D. 70 and 82.

Figure 1.6. Pyramidsin Mexico, built during the Mayan period, A.D. 624-987.
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Porous clay bricks were produced long before the Christian era,
during Indus Valley civilization ca. 2500 B.C.[4 These were used in the
construction of two cities, Mohenjo-Daro and Harappa (Fig. 1.7). It is
postul ated that these porousbrickswere crushed and used asthelightweight
aggregatesinthe masonry. Although the origin of the LWAC isdifficult to
assess, it would not be an exaggeration to say that its roots are from the
ancient period.

Figure 1.7. Mohenjo-Daro and Harappa, 2500 B.C.

With the increase in the demand of LWAC and the unavailability
of the aggregates, technology for producing lightweight aggregates has
been devel oped. In Germany, in the 19t century, porous clay pieces were
produced by quick evaporation of water. Kukenthal from Braunschweig
obtained a patent in 1880. The industrial use of natural lightweight
aggregates in Germany was started in 1845 by Ferdinand Nebel from
K oblenz who produced masonry bl ocksfrom pumice, with burntlimeasthe
binder.[®l In1celand, pumicehasbeen usedinlocal buildingindustriessince
1928.
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Concreteismostly known asagrey material with good mechanical
strength, but heavy and cold. It isgenerally understood that concreteisnot
necessarily just heavy, sharp-edged grey blocks. It can acquire any shape,
color, density, and strength. The low density of pumice aggregates results
in weight reduction of the structures and the foundations, and provides
considerabl e savings regarding thermal insulation. The low density of the
material results in high thermal insulation for buildings and, in some
instances, the thickness of roofs and walls can be reduced. Wherethereis
no reduction in thickness, a higher degree of thermal insulation will be
achieved. The density, for example, can range from 300 to 3000 kg/m?;
thermal conductivity from 0.1 to 3 W/mK; and strength from 1 to 100 M Pa
or even more. The density is mostly controlled by the type of aggregate
used. The strength is also partially dependent upon the type of aggregates
used for making the concrete. A range of density and strength of concrete
isgiveninFig. 1.8.

Lightweight aggregatesarethebasicingredient for makingLWAC
and their devel opment through the agesisdiscussed here.
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2.0 LIGHTWEIGHT AGGREGATES (LWA)

Lightweight aggregatescan originatefromnatural resourcesor they
canbeman-made. Themajor natural resourceisthevolcanic material. Man-
made or synthetic, aggregates are produced by a thermal process in
factories.

2.1 Natural Aggregates

Volcanic Origin. When lava from a volcano cools down, it
produces a spongy well-sintered mass. Since thereis an abrupt cooling of
the molten mass, the material freezes. With asudden cooling of the molten
magma, there is no crystallization, and the material acquires a glassy
structure, aprocesssimilar totheproduction of theglassknown asobsidian.
It can be called a supercooled liquid, which has no crystalline phase. It is
highly amorphous and has a glassy structure.

Lavaisaboiling melt which may contain air and gases, and when
it coolsdown, it freezesto aspongy porousmass. Inother words, it produces
lightweight material that is porous and reactive. This type of material is
known as volcanic aggregates, or pumice or scoria aggregates. The
aggregates are produced by mechanical handling of lava, i.e., crushing,
sieving, and grinding.

Organic Aggregates, Palm Oil Shells. The use of agricultural
waste as aggregates for the production of building materials has several
practical and economical advantages. The palm oil industry which is
important in many countries, such as Malaysia, Indonesia, and Nigeria,
produces alarge amount of waste which can be utilized in the production
of building materials. Palm oil shellsare producedinlarge quantitiesby the
oil mills and can be used as aggregates in the production of lightweight
concrete.[l It isreported that, in 1989, world palm oil production reached
about 9.6 million tons per year from amodest start in the early 1920s, due
totheincreasingdemandfor vegetableoil. Malaysiacontributed 5.5million
tonsper year fromapamoil cultivation of 1.85million hectaresduring the
sameyear, making it amajor producer of palmoil. About 1.1 tonsof shells,
or 5.5% of the weight of the fresh fruit bunch, is produced annually from
each hectare cultivated. The palm oil shells are hard and are received as
crushed pieces as a result of the process used to release the oil. Palm ail
shells have a bulk density of 620 kg/m? and a specific gravity of 1.25.
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Thoughstill notincommercial productionof LWAC, theseareusedlocally.
There are two hig advantages:

1. At present they have no commercial value.

2. Being locally available, the transport cost is nominal.

Itisintheresearch and devel opment stage. It isexpected that soonthesewill
be commercialized. (For details see Ch. 2.)

2.2  Synthetic Aggregates

Synthetic aggregates are produced by thermal treatment of the
material swhich have expansive properties. These materialscan bedivided
in three groups

» Natural materials, suchasperlite, vermiculite, clay, shale,
and slate.

 Industrial products, such as glass.

 Industrial by-products, likefly ash, expanded slag cinder,
bed ash, etc.

The most common types of lightwei ght aggregates produced from
expansiveclaysareknownasL ecaand Liapor. Thosemadefromfly ashare
known as Lytag, etc. The bulk density of the aggregates varies greatly
depending upon the raw materials and the process used for their manufac-
ture. The development of lightweight aggregates in different parts of the
world isreviewed below.

2.3 North America

Stephen John Hayde, of Kansas City, Missouri, was a contractor
and brickmaker. He observed abnormal bloating in the bricks when burnt.
This gave him the idea of making expanded clay pieces, e.g., aggregates,
from this clay. He did tests for producing the aggregates and in February,
1918, received apatent on his processfor the production of expanded shale
aggregates in arotary kiln.[®!

In 1920, thefirst commercial plant began operatingin KansasCity,
producing “Haydite” expanded shale aggregates. By the year 1941, there
were seven plants in the USA and one plant in Canada. In 1952, the
Expanded Shale, Clay and Slate Institute (ESCSI) was founded, and the
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expanded clay aggregates became more and more attractive. By the year
1955, there were fifty-five producersin the USA and Canada. The output
was 1.7 million cubic metersandincreased to morethan threemillion cubic
meters in 1958. According to areport published in Germany in 1964 by
Waltz and Wischers, 65% of the LWA productionwasbased on shale, 29%
on clay, and 6% on slate. Many well known producers started in the 1950s
or early 1960s, for instance, Arkalite(clay, 1959), Utelite (shale, 1962), and
Lehigh (shale, 1964). Mostly, the US plants produce LWA in a medium
bulk density of 500 to 700 kg/m?3, which limits their use.

2.4 Europe

Not long after Hayde' s patent in the USA, a patent was granted to
Oskar Ohlsenon September 2, 1919, but it wasnot commercialized because
of some disputes.[d

In Germany, the first commercial production of expanded clay
ensued between 1935 and 1939 at Sommerfeld/Niederlausitz and at
Rudersdorf near Berlin. Some tests were conducted by the State Material
Research Institute in 1938 to evaluate the suitability of the waste
material from roof slate production, for use asaggregatesfor producing
concrete.[®l But theresultswere not satisfactory and further investigations
were recommended.

In general, however, Denmark can be looked at as the European
birthplace of expanded clay. A plant was erected in 1939 at ROsnes near
Kalundborg, producing Leca (Expanded Clay Aggregate) in arotary kiln.
Theannual production capacity thenwas 20,000 m3. L ater, the plant moved
to Hinge, where it now has six constructed kilns, with a capacity of 1.3
million m® per annum. The technical know-how was given to many
countries. There are 35 kilnsin operation, worldwide, following the Leca
process with a capacity of six million m3. The first German Leca plant
started in February, 1956, near Itzehohe/Mittelholstein.

In the UK, until the 1970s, there was a fairly wide choice of
lightweight aggregatesfor making structural lightweight concrete. Among
the processed natural materials, therewasregular production onacommer-
cial scale of aggregates like Leca, Aglite (expanded shale, irregular in
shape), and Solite (expanded slate-mainly rounded). L ecahasalow density
and, therefore, low strength. Owing to this, it is difficult to achieve a
characteristic concrete strength of 20 N/mm?. Aglite and Solite possess
higher density and have higher strength. These could produce the range of
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concrete strength suitable for most types of reinforced and pre-stressed
concrete structures, although the application of Aglite concrete in pre-
stressed structures has been scarce. Solite concrete can achieve high
strength—grade 60 (60 M Pa, cube compressive strength) or even higher—
without much difficulty andisthusasuitabl ealternativecomponent for pre-
stressed concrete construction.

Processed industrial by-products include Lytag (sintered pulver-
ized fuel ash, sintered PFA) and foamed slag (manufactured from molten
blast furnace slag). The concrete made with the latter isrelatively heavy,
actually the heaviest of all LWAC, average density isin the region of
2000-2300 kg/m?, so that the use of foam slag concrete was not very
popular. Lytag, like Solite, can produce concrete encompassing a wide
strength range from medium to high and even very high strength (such as
60 grade or over), and can be suitably and cost effectively used for all types
of reinforced or pre-stressed concrete construction.

By themid 1970s, however, thenumber of choiceswaslimited. The
production of Solite ceased because of environmental restrictions. Very
soon the manufacture of Aglitealso stopped, mainly for economic reasons.
Foamed slag was virtually withdrawn from the market, although, in its
place, a much improved aggregate known as Perlite—a pelletized ex-
panded blast furnace slag—came into production. Perlite can produce
mediumto high strength concretewithinadensity rangeof 1700to 2000kg/
mS. However, only arelatively small portion of Perliteis actually used in
structural concrete, the rest goes to the “block” manufacturing industry.
Aggregatesproduced by sintering colliery tailings, knownasBrag, wasal so
manufactured for ashort period, but production soon ended asthe permis-
sion for production was not granted.

By 1994, there was a further decline in the manufacture of UK-
produced LWA. Leca ceased production due to loss of clay extraction
rights. Lytag had to close down two factoriesfor the lack of ashes, adirect
consequenceof national policy onuseof coal for thermal power generation.
Infact, Perliteand Lytag arethe only two LWA used in the UK. However,
therearesomeimported aggregateswhichincludeLiapor, Granolux, Arlits
(expanded clay, Spain), Aardelite (cold-bonded PFA from Holland), and
| sotag.

The historical development in Europe was somewhat similar to
North America, with many plantsfor expanded clay, shale, and slate being
erected around the 1960s. For exampl e, in 1955 and 1964 two plantsstarted
in Czechoslovakia (Bratislava and Vintirov) where international confer-
ences on LWA were held in 1967 and 1968. Further developments ended
due to the political uncertainty in 1968.
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Inwestern Europe, Liapor cameinto productionin Germany (1967,
1969), France (1970), and Spain (1973). Many other countries started at
about the same time or somewhat earlier, for example, Scandinavian
countries.

Nevertheless, all production plants have not been successful. The
main problems that they could not solve had to do with raw material,
production process, quality, and marketing. Someproduction plantshad too
little capacity, not enough for the survival of the plant owner. In Germany,
several plants were closed in the 1970s and 1980s. The production in the
remaining plants was, however, raised. In Germany, an association of
Lightweight Producersnamed BL Z (Bundesverband L ei chtbetonzuschlag-
Industrie) was founded in December, 1970. Six plants are in operation
today.

In contrast to the USA, the Europeans used fly ash from coal
thermal power stationsasraw material, producingrelatively heavy LWA of
around 800 kg/m?3 bulk density. Started in the UK in 1960, sintered fly ash
production was later established in 1973 in Germany and in 1985 in the
Netherlands. In1993, aplant wasput upintheNetherlandsto producelime-
bound fly ash aggregateswhich were made by steam curing. Thedensity of
these aggregates was 800 to 850 kg/m? for the grain sizes >4 mm.

2.5 Western and Middle Europe

For expanded clay, shale, and slate, thirty-two plantsare currently
installed; thirty of them wererunningin 1994. Additionally, there arefive
plantsfor LWA based onfly ash. In eight countries, asmentioned bel ow by
their symbols, thereisonly one plant. In Italy and Germany, there arefive
or more. Thelocal distribution, aswell as, capacity and salesin 1000m?3can
be seen from the following list:["]

Capacity Sales 1994

m3
Eight countries with one plant each

A,B,CH,CZ,E, P, S, SF 3,500 2,110
Ten countries with two or more plants

D, DK, F,I,LV,LT,N,NL, PL, UK 10,450 5,190

Total 13,950 7,300
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Theratiobetweentheinstalled capacity and salesin most countries
ranges between 50 and 80%, the lowest figures being below 20% in Latvia
(LT), Lituania(LV), and Poland (PL). In some countries, the consumption
per inhabitant islessthan 10 liters per year, in othersit exceeds 200 liters.

Tothefiguresabove, thevolume of the natural LWA for pumicein
Germany and I celand should be added, i.e., 4.4 million m3in 1994. There
have also been some million m® of scoria (D: 2.6 million m® with bulk
density 800-1000 kg/mq), but this volume was not completely used for
concrete. The LWA for concrete in Western and Middle Europe might
actually reach atotal volume of about 12 million m2.

2.6 Russia

TheRussian LWA history beganinthe 1930swhen Prof. Kostyrko
started research on the production of LWA. The aggregate produced was
named Keramsit. His work was interrupted by World War 11, so the first
rotary kilnwasnot installed before 1955in V olgograd onalaboratory scale
with 1 m%h output. Following are the statistics of the production of
Keramsit in Russia;

1958: 174,000 m3
1960: 690,000 m®
1962: 2,850,000 m?
1965: 7,750,000 m?

In the 1980s, more than 300 plants were active with a capacity
exceeding 30 million m? per year. Research and devel opment wasdonein
aspecial instituteat K ujbysev,[ but thereal effectiveusewaslow. Thebulk
densitieswere high, only 10% of the production was below 400 kg/m3, the
average in 1987 being 498 kg/m?®

The grading was coarse with

0-5mm 6.9 %

5-10 mm 17.1%

1020 mm 45.5%

2040 mm 10.8%

mixed unscreened 19.7%

The energy consumption was enormous with 97 kg fuel plus 23.5 kWh
per m3.
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There is no exact information about the actual production. But
there is information(® that fifty-three plants were producing Keramsit in
1995 in Russia, with sixteen plantsin the Ukraine.

2.7 Other Continents

In the USA and Canada, there are fourteen companies, some of
them owning five or more plants. The shipment in 1994 was about 4.6
million m® of expanded clay, shale, and slate combined. The production
may increase. The salesvolumeisabout 60—85% of theinstalled capacity.

In South America, therearetwo plants (Argentinaand V enezuel a).
The same holdsfor Africa (Algeria, Egypt). In Japan, there are two plants
with 1.2 million m® capacity and 750,000 m? shipment in 1994, mainly for
structural concrete, the bulk density for 5/15 mm size being around 800
kg/ms.

The summary of the number of plants in different continents is
shown in the following table:”]

Total

Former Soviet Union Russia >53

Ukraine 16

Others >2 >71
Europe Clay, shale, date 32

fly ash 5 37
Africa >2
America North 25

South 2
Asia Japan >2

Others >4
Australia ? 35
Totd 143

From the overall number of more than 140 plants, obviously half of them
are operating in the former Soviet Union, one quarter in Europe and one
guarter in the other continents.
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Apart from the LWA from clay, shale, dlate, and fly ash, there are
also very light LWAS such as perlite and vermiculite. There are at least
twelve plantsoperating inthe eastern USA. Thetotal amount of production
of perlitein 1994 was 1.7 million m?, with 0.6 million m3 for vermiculite.
Assuming an average bulk density of 100 kg/m?, these figures lead to a
combined volume of 23 million m2 for perlite and vermiculite.[%]

3.0 CONCLUDING REMARKS

Lightweight aggregate concretewasused evenbeforethe Christian
era. The concretewas madewith natural vol canic aggregatesof pumiceand
scoria. With time, because of the advantages of lightweight aggregate
concrete, specifically itslow density and thermal insulating properties, its
demandhasincreased. Inrecent years, it hasbecomeanimportant structural
material in off-shore construction. This has led to the development of
synthetic lightweight aggregates which are made from natural raw materi-
aslikeclay, date, shale, etc., and from industrial by-productslikefly ash,
slag ashes, €tc.

There has been some research and development work on the
production of LWA C using organic natural aggregatessuch aspalmoil and
shales, but it is still not in commercial production.

There are many types of lightweight aggregates of mineral origin,
ranging from weights bel ow 50 kg/m? up to heavy types of 1,000 kg/m? or
evenmore. They enabletheproduction of concreteand mortarsinvery wide
ranges with propertiesthat will suit the requirements of different building
industries. But the term lightweight concreteis not well defined, hence, is
not used on alarge scale.
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2

Production of
L ightweight Aggregates
and Its Properties

1.0 INTRODUCTION

Lightweight aggregate (LWA) can be divided in two categories:

1. Those occurring naturally and are ready to use only with
mechanical treatment, i.e., crushing and sieving.

2. Those produced by thermal treatment from either natu-
rally occurring materials or from industrial by-products,
waste materials, etc.

Thepropertiesof LWAC arerel ated to the propertiesof theaggregatesused
for producing them. This, inturn, dependsupon thetype of material andthe
process used for producing them. Generally, the strength and the density of
concreteare considered when designing astructure. Specifically inthecase
of LWA, there is a vast variation in the density, so there will be a vast
variation in the strength of the LWAC. The manua of Lightweight
Aggregate Concretel!! describesanumber of aggregatesthat havebeen used
and indicates an approximate range of densities and compressive strength
for the resulting LWAC.

21
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The natural materials used for producing LWA of the second
category are: perlite, vermiculite, clay, shale, slate, etc. On the other hand,
theindustrial by-products used for producing LWA are pulverized fly ash
(PFA), blast furnace slag (bfs), industrial waste, sludge, etc. These are
produced by a process of either expansion (bloating) or agglomeration.
Expansion takes place when the material isheated to fusion temperature at
which point pyro-plasticity of the material occurs simultaneously with the
formation of gas. Agglomeration occurswhen some material fuses(melts),
and the various particles are bonded together. To induce the expansion of
theraw material, most artificial LWA undergo sometype of heat treatment
duringtheir manufacture. Theheat treatmentiscarried outindifferent types
of industrial furnaces, such as rotary kilns, vertical shaft kilns, sinter
strands, or foaming bed reactors, etc. A short description of the kilns
follows.

2.0 INDUSTRIAL KILNS

2.1 Rotary Kiln

A rotary kiln used for manufacturing LWA is similar to the one
used for manufacturing portland cement. It consistsof along cylinder lined
with refractory bricks and capable of rotating about its longitudinal axis,
whichisinclined at an angle of 5° to the horizontal (Fig. 2.1). The length
of thekilndependsupon thecomposition of theraw material to be processed
and is usually thirty to sixty meters. The prepared raw material isfed into
the kiln at the higher end, whilefiring takes place at the lower end. Asthe
material moves to the heating zone, the temperature of the particles
gradually increases and expansion takes place. Material isthen discharged
into arotary cooler, whereit is cooled by blowing cold air.

2.2  Vertical Shaft Kiln

Inthisprocess, the prepared raw material isfed into avertical shaft
kilnin batches. A hot jet of flue gases, entering at the center of the base of
the combustion chamber, lifts the material upwards until the force of the
upward jet isdispersed sufficiently to becomelessthantheforceof gravity.
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Material fallsdown and rollsto thefoot of the combustion chamber, which
isinthe shape of afunnel, wherethe flue gas again forcesit upwards. This
processisrepeated anumber of timesover aperiod of about one minutefor
each batch.
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Figure 2.1. Rotary kiln for producing lightweight aggregates.

2.3 Sintered Strand

Theprepared raw material isplacedinlooselayers, approximately
15-300 mm thick, on amoving sinter strand and carried, under drying and
ignition hoods (fired by gasor ail), in such amanner that burning, initiated
at thesurface, continuesthrough thefull depth of the bed. The gasesformed
causeexpansion; however, in somecases, thecel lular structureresultsfrom
the burning of the fuel grains and loss of moisture, and from fusion of the
fine particles of the raw material.
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2.4 Foaming Bed Reactor

Inthisprocess, used exclusively in the production of foamed blast
furnace slag, the slag is poured onto a foaming bed consisting of alarge
number of water jets set in aconcrete base. Thewater convertsto steam on
contact withthemolten material and penetratesintothebody of thematerial
at whichpointitbecomessuperheated. Duetotherapid expansionthat takes
place, thematerial bloatstoformacellular structure. Analternativemethod
includes spraying water onto the molten material when it is being tapped
from the blast furnace, so that the material is cooled rapidly and steam
becomestrapped within. In another method, the molten material isfed into
amill with revolving paddlesand istreated directly with steam. A fluidized
bed foaming reactor is shown in Fig. 2.2.[4
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2.5 Cold Bonding

In this process, bonding isaccomplished by the chemical reaction
between limeand ash, whichisdueto the pozzol anic character of theashes.
Calcium silicate hydrates are produced as a result of this reaction. The
production process is simple. A mixture of ash, lime, and water after
mixing, is jointly transported towards a disk pelletizer, where spherical
pellets are formed. To strengthen the still vulnerable® green pellets,” they
are embedded in a constant stream of ash and transported to curing silos.
The energy released directly warms the pellets to a temperature of 85°C.
After 15 hours, they leave the silos ready for screening.

3.0 NATURAL LIGHTWEIGHT AGGREGATES

Natural LWA are mostly of volcanic origin and, thus, are found
only in certain parts of the world. Pumice and scoria are the oldest known
LWA; they wereused extensively inRomantime. Thesearelight and strong
enough to be used in their natural state, but their properties are variable.
Pumice is formed when the molten SO, rich lava from the explosive
eruption of avolcano cools. Sudden cooling freezesthe material existing at
the molten state. There is no possibility of a crystallization processtaking
place. The principle is the same as in the production of glass, which is
neither liquid nor solid. Itiscall “supercooled liquid.” The low density of
pumice is due to the presence of gas bubbles in the molten lava which
becometrapped on cooling. Thevoidsare small and interconnected. Scoria
isasimilar material, but it isdarker in color than pumice. It containslarger
and more regular shaped shells that are not connected.

3.1 Pumice

The main sources of pumicein Europe are Iceland, Lipary Island
in Italy, Yali in Greece, and the Rhineland in Germany. The lightweight
aggregate concrete made with pumice has low density. This leads to a
real ative weight reduction of the structure and foundation, and thereby will
reducethedead load, asignificant factor for highrisebuildings. Thisisalso
a very attractive material for repairs of the old buildings, as it will not
increase the total 1oad of the structure.
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With the use of fine pumice, it is possible to produce mortarswith
good insulating properties. It will provide considerable savingsin thermal
insulation. The LWAC is relatively porous, which could promote the
corrosion of reinforcing steel. It is reported that its use in outdoors can
create problems of reinforcement corrosion, but indoors should not be any
problem. B4

3.2 Palm Oil Shells

Low-cost building materials can be produced using inexpensive
indigenous raw materials. Agriculture wastes, which are renewable, and
found in abundance in many countries, present aninteresting alternativeto
the traditional and sometimes to imported building materials, particularly
for low-cost construction.!>! The use of agriculture waste as aggregates can
provide an alternative to conventional methods for the production of
lightweight concrete.

The material propertiesand structural performance of lightweight
aggregate concrete with palm oil shells as aggregates are similar to the
lightweight concrete produced using the more common aggregates such as
clinker, foamed slag, and expanded clay. The palm oil shells are hard and
arereceived as crushed pieces asaresult of the process used for extracting
theoil. They contain alarge amount of fine particleswhich areremoved by
manual sieving. The shellsarethen air-dried before use. A typical particle
size distribution curve for palm oil shells in comparison with the sand is
shown in Fig. 2.3.6]

Theworkability and compressive strength of lightweight concrete
with palm oil shellsas aggregatesis affected by the proportion of palm oil
shellsandthewater-to-cement ratio. The28 day cubecompressivestrengths
of the lightweight concrete vary between 5.0-19.5 MPa.

3.3 Crushed Burnt Bricks

Inancient masonries, crushed bricksor crushed sintered clayswere
used as aggregates. The densities of these aggregates were in the range of
15002000 kg/m?®. These aggregates form another category which is
difficult to define. De Pauw, et a.,l”] classified them between the light-
weight aggregate and the normal weight aggregate. However, some other
characteristics, like porosity and water absorption, would classify them as
LWA.
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Figure 2.3. Particle size distribution curves for palm oil shells and sand.!®!

Burnt bricks were used in construction at Mohenjo-Daro, 2800
B.C., during the Indus Valley civilization. It islikely that during thistime
the brickswere crushed and the aggregates were used for making concrete.
Lime was used as a binder. The crushed brick aggregates are porous and
resemble, instructure, thesintered clay aggregates. Thedifferencebetween
the LWA produced today and the crushed bricksisthe size and shape. The
size of the aggregates in the former case is undefined; mostly these are
edged, whereas the sintered clay aggregates are rounded due to their
rotation in the rotary kiln. Sintered clay, shale, and slate aggregates are
lighter than the crushed brick aggregates because the clay has bloating
properties.

4.0 PRODUCTION TECHNIQUES

4.1 Natural Materials

Lightweight aggregates are made by a thermal process using
natural materials like clay, shale, date, perlite, and vermiculite. Unlike
cement which hasacal cium-richfeed goingintotherotary kiln, lightweight
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aggregates are made from silica-rich materials that release only modest
amounts of CO,.[®]

Theproduction processof lightweight aggregate dependsuponthe
raw materials used. Basically, there are two processes for making light-
weight aggregates; namely awet process and a dry process.

Wet process: similar to preparing clay for brick produc-

tion—is more usual for soft clays.

Dry process. pelletizing or crushing is more common for

harder shales and for dlates.

Burningand Expanding.Burning and expandingaremostly done
in rotary kilns at temperatures of about 1100° to 1200°C. Rotary kilns,
preferably fired in acounter flow process, proven to be the most adequate
equipment, are well known in the cement industry. Expansion depends
upon the heating process. Thus, aggregateswith varying bulk densitiescan
be produced, for example, 300-800 kg/m3in grain sizes4/8 or 8/16 mm (or
others, asdesired), fromthe sameraw material. LWA produced by other
processesgivebulk densitiesonly withinasmall range, mostly 500-600
kg/me. The LWA of acoarser grain sizeis lighter than the finer ones.

LWA from Perlite. Perlite is a glassy volcanic material with a
water content of 2—6%. Theindustrial processof expandingtherock toform
alightwei ght aggregate consistsof crushingthematerial tograded sizesand
rapidly heating it to the point of incipient fusion. At thistemperature, the
water dissociates and expands the glassinto a balloon-like shape of small
bubbles to produce a cellular type of material. When perlite is quickly
heated above870°C, it expandsand producesaggregateswith abulk density
of 30-240 kg/m?.

New LWA from Perlite (ASL). In Japan, new aggregates are
developed which are made of perlite. These are called Asano Super Light
(ASL). The aggregate is distinguished from the conventional ones by low
absorption and high strength. It is chiefly made of perlite from Okushiri
Island, Hokkaido, which is mixed with silicon carbide, SiC (foamed
material), and bentonite (binder). An agueous solution of lignin is also
contained as a pelletizing aid. Perlite is suitable as an artificial light-
weight aggregate since 80% of it is a glass phase which forms a uniform
foam when adequately heated. The proportions of perlite, SiC, and bento-
nite by weight at the time of production are 95.5%, 4.3%, and 0.2%,
respectively.!®!
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Oven-dried specific gravity of the particle can be varied between
0.6 and 1.5 by adjusting the proportions of materials and production
conditions. Takinginto account thedemand and ease of handling, twotypes
of aggregates are produced based on oven-dried specific gravities of
particles:

1. 0.85+0.10
2.1.20+0.10

The 24 hour absorption is 5% or less.

LWA from Vermiculite. Vermiculite is a mineral of laminar
formation, similar in appearance to mica but, unlike mica, it expands
(exfoliates) rapidly when heated thereby radically reducing itsdensity. The
natural raw ore has adensity of 6001100 kg/m3. Theraw ore, asreceived
fromthemines, isfirstdried, crushed, and then graded. Thegrading process
is carried out by the old method of “winnowing” in a stream of air. The
individual grades of material are then rapidly passed through hot burners
(1150-1250°C). They causethevermiculiteto expand and theformation of
steam forcesthelaminate apart. The aggregate produced hasabulk density
of 60-190 kg/m?.

LWA from Expanded Clay (L eca™), Wet Process. Lightweight
expanded clay aggregates (Leca™) are produced in arotary Kiln by awet
process, using bloating clay. They areproducedin Sweden and Norway and
are named Swedish Leca™ and Norwegian Leca™. They are made by
mixing clay and water into a paste. The paste is fed into the higher end of
therotary kilnwhereitisbrokeninto smaller granulesby chains. Thus, they
form aggregates of random si ze and shapewhil e passing through therotary
kilnwherethey are sintered to aglassy material. The aggregatesthat come
out of the kiln are sieved to different sizes.

Swedish Leca™. The expanded clay aggregates are made from
fine particle clay which is poor in lime. It is mined in Géarstad outside
Linkoping in Sweden. The Swedish lightweight aggregate manufacturing
company, AB Svensk Leca™, has rotary kilns and produces lightweight
aggregate “Leca™.”

Theclay driesand expandsin therotary kiln at high temperatures,
about 1100-1200°C, when it passes through the burning zone. The final
product isexpanded clay withahard ceramic shell. Insideof theseparticles,
there are holes of different sizes which are mostly interconnected.

Thedensity and strength of the particlesvary with the particlesize.
Thesmaller thesize, thehigher thedensity and strength. A relation between
the size, density, and strength isgivenin Table 2.1
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Table2.1. Bulk Density and Strength of Swedish Leca™ of Different Sizes
(Svensk Leca™ AB)

Size Density Compressive
mm kg/m3 Strength MPa
26 400 1.50

4-10 310 1.15

4-12 300 1.15

8-14 270 0.85

8-20 260 0.85
12-20 260 0.75

The elasticity modulus for 12—20 mm packed material is 20 MPa
and 10 MPafor filled material.

Norwegian Leca™. Norwegian Leca™ started the production of
L WA based onexpanded clay using onesinglekilnin1954. Theproduction
capacity was less than 100,000 m?® per year. Today, Norway's total
production capacity of expanded clay isnearly 1 millionm3annually, from
four rotary Kilns.

Sincethe start forty years ago, 18 million m® of LWA blocks have
been produced and soldin Norway. If onetakesthisvolumeof LWA blocks
and dividesit by four million (population of Norway), it comesto 4.5 m? of
LWA blocksper person. It meansthat, during thelast forty years, consump-
tion of Leca™ blocks was 4.5 m? or 20-25 m? per person.

German Liapor™, Dry Process. Lightweight aggregates pro-
duced by thedry processin Germany areknown asLiapor™ after the name
of the company producing them.

Liapor™ is produced from shale, a soft rock, which is crushed,
dried, and milled into powder. It is homogenized and stored ready for
pelletization. The process is quite similar to that of Lytag™ production.
After the pelletization process for appropriate size, they are coated with
finely powdered limestone. The pellets are spherical and have high green
strength. These are then transported to a rotary kiln. In production, the
pellets can be made to a predetermined size and the expansion can be
controlled to produce particles of the required density. As the pellets are
preformed, there is no fine fraction, as with Leca™.
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Table 2.2. Bulk Density, Size, and the Moisture Content at Delivery of
Some L WAI0

Aggregate Bulk Particle Moisture

Fraction Density Density Content
kg/m?3 kg/m® by wt%

Swedish Leca™

2-6mm 477(457) 875(838) 4.4

4-10 mm 327(318) 600(584) 2.8

Norwegian Leca™

04 mm 845(765) 1392(1261) 10.4
4-8 mm 804(690) 1393(1196) 16.5
8-12mm 786(709) 1319(1189) 10.9
Liapor™

1-4mm 514(511) 973(968) 0.5
4-8mm 503(497) 908(897) 1.2
Liapor™ 6

4-8mm 606(606) 1052(1052) 0.03
Liapor™ 8

4-8mm 931(835) 1633(1465) 115

The value in the parentheses is of the dry particles.
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The density and the moisture ratio varies with the size of the
aggregates. Itisshown by thetestsperformed by Chandraand Berntsson.[1°)
The material properties of Swedish Leca™, Norwegian Leca™, and
German Liapor™ are shown in Table 2.2.

Lightweight Expanded Slate Aggregates. The expanded slate
aggregatesare produced by therotary kiln method.[*] Raw slateisfed from
the storage silosinto preheatersthat allow therock to heat up at amoderate
rate, it then entersthe upper end of therotary kiln whereit slowly revolves
and movestowardthe“firing zone” near thelower end of thekiln. Thefiring
zone attains a temperature of 2000°F (1200°C). Here, the slate becomes
sufficiently plastic to allow expanding gases to form masses of small
unconnected cells. Asthe expanded slate cools, these cellsremain, giving
the aggregate its low unit weight and low absorption. The expanded
material, called clinker at this point, leaves the lower end of the kiln and
enters aforced-air cooling system.

Fromthecooler, theclinker isconveyedtoaclassifyingareawhere
it is crushed and screened. After blending, actual moisture content is
adjusted to a predetermined level. The expanded slate aggregate is then
tested for proper gradation, moisture content, specific gravity, and unit
weight. After testing, the aggregates are stored.

Thereisapossibility of segregation in storage dueto the variation
inthesizeof theaggregateand, thereby, thebulk density. Thisisminimized
using two procedures:

1. Coarsegradeaggregatesarestoredinlow-elevation stock-
piles that feature a moisture control system

2. Fine grade aggregates are stored in low-height silos that
feature a perimeter port feeding design

Some properties of expanded slate aggregates are given below.
Properties of Expanded Slate Aggregates
12.5 mm structur al aggregates

Bulk Density
+ Dryloose (ASTM C29) 50 Ibs/cf (805 kg/m?)
e Saturated surface dry loose 52 lbs/cf (833 kg/m?)
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Specific Gravity of the Particle

* Dry (ASTM C127) 1.45
e Saturated surface dry 152
Absorption
e Saturated surface dry

(ASTM C127) 6%
e Under high pumping pressure

of 150 psi (1033 kPa) 9.4%
Soundness
e Magnesium sulfate

(ASTM C88) 0.01%
* Sodium sulfate

(ASTM C88) 0.23%
o After 25 cycles freezing and

thawing (AASHTO T 103) 0.22%
Toughness
* LosAngeles Abrasion

(AASHTO T-96-B) 25%

4.2 LWA From Industrial By-Products

All lightweight aggregates are not produced using natural raw
materials. Someareproduced fromindustrial by-productslikefly ash, slag,
municipal waste, dredging waste, etc. Itisaveryimportant advancement as
it will solve the environmental problem to some extent.

Expanded Pelletized Fly Ash Aggr egates. Fly ashisaby-product
of a thermal power station. The quality of the fly ash depends upon
componentsof theburning processsuch asthetemperatureand heating rate.
Experience has shown that the fly ash varies from the day shift to the night
shift in the same thermal power station.!'? These factors influence the
carbon content and the particle size. It can also vary the calcium content.

Depending upon the quality of fly ash, its use also varies. A high
quality fly ash with alow carbon content is used asamineral admixturein
concrete production. Lower quality fly ash with a higher and variable
carbon content is normally used in land filling. It is also used for making
LWA by adding extrapulverized coal to bring the carbon content to about
12%, and then pan pelletizing and heat treating them on atraveling grate.
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The aggregates produced are of high quality and high strength with low
density. The aggregates produced from pulverized fly ash are known as
PFA LWA. These have been widely used in the UK for the past three
decades in construction of high-rise buildings and bridges. There is an
increasing demand for lightweight aggregates, which has attracted the
attention of researchersworldwide. Thishasresulted inthedevel opment of
some new types of LWA. These are produced partially by using a combi-
nation of new material and partially by using new processesof pelletization
and burning.

Pelletization and Burning. The manufacturing process of artifi-
cial LWA from fly ash is elaborated by Bijen.!'3 The pellets are formed
either by agglomeration or by granulation. Agglomerationistheterm used
for theentirefield of consolidation of solid particlesintolarger shapes. The
techniques applied to agglomerate fly ash can be divided as follows:

Granulation  disc(or pan) granulation, drumgranulation,
cone granulation, mixer granulation.

Compaction  uni-directional pistontypecompaction, roll
pressing, extrusion and pellet mills.

Granulation. In the granulation techniques, agglomerates are
formedwithout external compacting forcesother thantumblingforces. The
fly ash particlesadheretogether asaresult of tumbling and capillary forces.
In this process, the fly ash particles need to be moistened.

Cohesion forces between the particles increase with increasing
amounts of wetting liquid. The states of cohesion can be described as
follows with increasing amounts of liquid:

1. Pendular state

2. Funicular state

3. Capillary state

The state of liquid saturation reached with increasing interparticle
forcesis shown in Fig. 2.4.1%4 For fly ash, the optimum water content is
between 20 and 25%. The amount of water isacritical factor. Too little or
too much bonding agent means insufficient cohesion forces can be devel-
oped, or muddy ballsinstead of pelletsareformed. Theballing occursintwo

stages, first, the so-called seeds are formed, from which larger pelletsthen
grow.
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Compaction. The density of the pellets depends upon the process
used to produce them. With compaction agglomeration the density of the
pellets will, in general, be higher than that of the pellets produced with
agitation granulation. This means that the porosity will be lower. The
guantity of thebonding agent (water) hasto be accurately adjusted to avoid
squeezing the pellets.

Another device used for agglomeration of fly ashisthe pellet mill.
Figure 2.5 showstwo types of pellet mills.[* In this process, the materials
are forced through open dies or holes. Normally, the pellets or briquettes
formed are cylindrical with afixed diameter and variable length.

@ @ Ash particles with moisture film

% Pendular state

oS

Figure 2.4. Diagrammatic representation of pellet formation.[*4]

Capillary state
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Annular die pelleting press Flat die pelleting press

Figure 2.5. Pellet mills.[*%]

Fly ash aggregates can a so be produced by the extrusion method.
Figure 2.6 shows two types of extruders.[*> This techniqueiswell-known
for the production of synthetic aggregates.

AP

screw extruder extrusion press

Figure 2.6. Extrusion press.[**]

Har dening. Thegreen pellets, formed by agglomeration of fly ash
particles, aretooweak to beconsideredfor useasaggregates. Therefore, the
particles have to be bonded more firmly than by capillary forces.
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For fly ash agglomeration, there are two types of bonding:
1. Bonding by amaterial bridge.

2. Embedding in a matrix formed by reaction of a bonding
material with part of the fly ash particle.

The latter type of bonding could be considered an extreme case of the
material bridge-type of bonding.

Figure 2.7 shows a schematic of these two types of bonding.
Bonding by a material bridge happens in all well-known sintering pro-
cesses. For matrix bonding the number of possible bindersisvery large. A
division of the hardening process, based upon the temperature, is done as
follows:

>900°C Sintering process
(material bridge bonding)
<250°C Hydrothermal process
>100°C (matrix bonding under
pressurized steam)
<100°C Cold bonding process
<5°C

Sintering. Sintering is usually done on grates. Here, the green
pelletsaretransported in theform of abed 200-300 mm thick onan endless
belt through the sintering furnace. Figure 2.8 schematically shows a flow
diagram for asinter strand process.[2€!

Matrix bond Matrix bonding Material bridge bonding

Figure 2.7. Two types of bonding.
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Figure 2.8. Schematic diagram of asinter strand process.[1!
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Hydr other mal Processes. Inthese processes, bondingisachieved
by meansof achemical reaction of [imeor portland cement withfly ashand
water. Theaddition of asmall quantity of gypsum can bean advantage. The
hydrothermal processesaremoreor lessrelatedto ore-pell etizing processes
such as the Swedish “COBQO” process or American “MTU” process. A
process developed in The Netherlands (Aardelite™) is shown in Fig.
2.9.07 A typical composition of the pellets consists of 50% fly ash, 45%
fine quartz, and 5% lime and water.

ayp- sand
_ sum fly
lime 1 ash |

chemicals
water

crusher

elevator

O

mixer@ﬁ pelletizing rol -g}.product
1 l l‘ drum  screen

autoclaves

=]

Figure 2.9. Flow sheet Aardelite™ autoclave process.[1”]

Cold Bonding. Fly ash reacts chemically with calcium hydroxide
due to its pozzolanic character at ordinary temperatures. The bonding
obtained inthiscaseishydraulic bonding. Itisgenerally lessrigid than the
bonding obtained with other types of bonding discussed, where the pellets
aresintered at higher temperaturesand have ceramic bonding. A flow sheet
of the cold bonding processis shown in Fig. 2.10.118
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Figure 2.10. Flow diagram Aardellite cold bonded process.[*8]

Productionof Fly Ash Lightweight Aggregate, Lytag™. Lytag™
is the commercial name of sintered fly ash lightweight aggregate. It is
produced by pyro-processing fly ash. Theaggregateisformed asaresult of
agglomeration which takes place as the fly ash particles fuse and bond
together. The transformation of fly ash to aggregate has long been estab-
lished. However, in 1959, the Lytag™ process brought a new patented
techniquetofly ashconversion (Fig. 2.9). Inthisprocess, no bonding agents
are used and no heat is applied prior to sintering. This method has beenin
operation in the UK for thirty-six years.

Thedry fly ashistransferred pneumatically from the power station
to storage silos at the plant site. A system of air slides and screw feeders
transferstheashto amixer at acontrolled flow rate. At thispoint water and,
if necessary, additional fuel in the form of high carbon fly ash or coal, is
added and mixed with the dry ash. These adjustments produce a homoge-
neous material containing sufficient energy to raise the temperature of the
ash to the sintering point later in the process.
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Pelletizing. The moisture-conditioned ash, as described above, is
introduced to alarge diameter flat disc pelletizer. On these slowly rotating
inclined pans, the small particles of ash impact on each other. The pellets
gradually grow insizedueto compactionforces. Thesurfacetension effects
of further water added as afine spray compl ete the agglomeration process.
The finished pellets fall from the pelletizer and are fed to a moving steel
conveyer: the sinter strand.

Sintering. Sinter Strand Process. The pelletsare placedin aloose
layer 200to 250 mmthick. Thesinter strand speedisautomatically adjusted
to ensure an even layer across and down its length. The pellets are
immediately subjected to a temperature of approximately 1100°C in the
ignition chamber which usesreprocessed oil tofirethecarboninthepellets.

The strand moves forward and the material comes out from the
ignition chamber. The burnispulled down slowly through thefull depth of
the pellet bed by down draft air employed aong the entire 20 m length of
the machine.

The burning of the fuel and loss of moisture creates a cellular
structure bonded together by the fusion of the fine fly ash particles. The
voidsformed are generally interconnected and occupy 40% of the body of
the pellet particles. When the mass of sintered pelletsfalls from the end of
the sinter strand, it isin arelatively cool state at 100-200°C.

Grading and Storage. At theend of the strand, the finished pellets
areeither naturally or mechanically separated before passingover aprimary
screen to remove material that islessthan 2.5 mm. Material above 2.5 mm
istransported viaconveyor for secondary screeningtotherequired sizesfor
the appropriate market.

Traditionally, the secondary screening is carried out in purposely
built screen houses. Current practice is to water spray the product as it
emergesfromtheprimary screensto control dust, beforeprocessingtofinal
sizes on amobile screen.

Quality Control. Quality control is done by checking for density
and moisture content (a minimum of every 75 m® produced). Other
parameters of secondary importance, such as loss on ignition (LOI), and
chemical composition are tested on an annual basis.

Properties of the PFA LWA. Shape, Color, and Texture. The
aggregates are spherical in shape and are of brown color with an internal
black core. Thisisattributed to the carbon content and the state of oxidation
of iron. Themicrostructureissmooth but, onthemicro-scale, itisrelatively
rough with open pores. The structure of some pores of about 10200 pmin
sizeis shown in Fig. 2.11.1'% These figures show that the structure of the
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pelletislargely porousand the pores are interconnected. The voids appear
to have been formed by gases escaping through a molten material (Figs.
2.11aand 2.11b). The honeycombing is visible both within the void itself
and around the void on the fracture surface, and the internal surfaces are
smooth and curved. Figures 2.11c and 2.11d show voids which may have
been formed during pelletizing process and then being fused into position
during the sintering process.

Open porestructureallowsmoistureto enter and exit theaggregate.
When mixed in concrete some of these pores on the surface of the particles
are filled with cementitious products. In a mature specimen it is difficult,
if not impossible, to define the aggregate to cement matrix interface.

(c) x 640, scale 10 pm (d) x 640, scale 10 um

Figure 2.11. Microstructure of Lytag™ aggregate.[**]



Section 4.0 - Production Techniques 43

Theinternal structureisahoneycomb of generally interconnected
voidsof varying size and shape amounting to 40% of thevolume. Thisvoid
space providesthereservoir for absorbed water and preventsthedisruptive
effects, for example, of ice formation if the aggregates are exposed to
freezing. The air voids also act as an insulating material, enhancing the
thermal properties of the finished concrete.

Microstructureand Water Absorption of Lytag™ Aggregate.
Like other lightweight aggregates, the water absorption characteristics of
Lytag™ follow two distinct phases:

1. Theinitial rapid absorption of water when dry aggregate
isimmersed.

2. The second phaseisamuch slower, prolonged period of
absorption, tending towards a finite value after six to
twelvemonths.

In terms of microstructure of Lytag™ aggregates, this two-phase
phenomenon can be explained by the sizerange, structure, and distribution
of the pores within a Lytag™ pellet. The pores range in size from
approximately 200 um down to lessthan 1 um. Thelarger voidsare highly
interconnected and very few voidsare discrete and compl etely sealed. The
only ones which do tend to fit these latter criteria are those within the
unreacted PFA xenospheres. Also, theporesareevenly distributed through-
out the entire pellet with large, medium, and small pores being thoroughly
mixed.

Even the larger voids are so small that they will only become
saturated by capillary action but, on immersion in water, the saturation of
these larger pores will be rapid. Therefore, within a few seconds of
immersion the entire pellet will have water distributed throughout it by
means of the larger and medium sized pores. Theair in the voids hasto be
expelled during the second process. Capillary action over aperiod of time
will saturate the smaller pores until eventually a state of equilibrium is
reached. With someof thevery small pores, however, itispossiblethat they
will never become saturated under low pressure.

The above theory also applies, in reverse, to the drying out of a
hardened lightweight concrete over a period of time. Water will tend to
migraterelatively rapidly at first fromthelarger poreswithinthe pelletinto
the concrete matrix so the hydration process continues, followed by the
slower more prolonged dissipation of water from the smaller poreswithin
the aggregate. This gradual loss of water over aperiod of timeis believed
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to enable the concrete to “self repair” internal microcracking, which is
possibly caused by the application of loads to a member during the
hydration process.

Density and Strength. The typical oven-dried bulk density of
sintered fly ash aggregatesliesintherangeof 750t01100kg/me. Thelarger
thesize of the pellets, thelower the bulk density and, moreimportantly, the
lower the strength of the aggregate. The relationship between size and
strengthisafunction of compaction and consequent void formation during
burning. The larger pellets are less compacted in their outer layers with
resultant larger voids.

Fly Ash Aggregates Produced by Rotary Kiln. Structural high
strength concrete can be produced either by using mortar of very high
strength, which compensatesfor thelower strength of the aggregates, or by
using high strength aggregates, or both. But there are limitations. High
strength mortar, though producing high strength, can have a deleterious
effect on the durability properties. This created the need for the devel op-
ment of high strength LWA. Morishita, et al.,[?! developed atechniqueto
producetough and lightweight fly ash aggregate (TLA) using arotary kiln.
The production processis shown in Fig. 2.12.

TLA aggregates are produced using mainly fly ash as the raw
material. Fly ash is mixed with 10% limestone powder and 5% bentonite
and pelletized with water by a pan pelletizer to adiameter of 5to 20 mm.
The pellets are burned at 1200-1300°C in arotary kiln with silica stone
powder blown on the aggregate as an anti-adhesion agent. Some of the
properties of the TLA are shown in Table 2.3.

Thedry specific gravity of aggregateisintherangeof 1.79t0 1.86,
which corresponds to Class H in the classification of the specific gravity
specified in the Japanese Standard, JS A-5002 “LWA for Structural
Concrete.” Thewater absorption after 24 hoursisabout 2.5% in all samples
and satisfiesthevalue of lessthan 3% specifiedinthe Japanese standard JIS
A-5005 “Crushed Stones for Concrete.” The aggregates produced are of
high strength and can be used for making structural high strength concrete.

Sakai, et al ., devel oped anew type of fly ash aggregate possess-
ing high density and low water absorption. The specific mechanical
properties of this aggregate are summarized here.

Specific Gravity. Oven-dried specific gravity of large grains
(15-10 mm) is 1.96 and that of small grains (10-5 mm) is 1.92. The new
LWA, therefore, hasabout 1.4 timesthe specific gravity of conventional fly
ash aggregates.[24(23]
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Figure 2.12. Schematic diagram showing the production of TLA aggregates.!?)

Table 2.3. Properties of Tough and Lightweight Fly Ash Aggregates,

TLA[
Absolute | Water |Sound- |Unit | Loss Solid
Dry Abs. ness | wt. |[Abras |Content
Sp.Gr. |24hrs% |Test % ion % %
Test 1.79 to 2.52 0.1 1.15 | 132 |64
value 1.86
JISA- L: <1.0 <20% >60%
5002 M: >1.0,
SLWAC <15
H: >1.5,
-2.0

L-low, M-medium, H-high
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Water Absorption. Water absorption of large grains (15-10 mm)
is1.07%andthat of thesmall grains(10-5mm) is3.15%. L arger sizesshow
lesswater absorption. When large and small sizesare mixed in theratio of
4:6, itswater absorption becomes 2.32, which islarger than crushed stone
and river gravel, but lower than conventional fly ash aggregates.

40 Ton Crushing Value. 40 ton crushing value of thenew LWA is
236%, whichismuchlower than conventional LWA andisexpectedtohave
higher strength capabilities for the concrete.[?4]

Other Properties. The small particlefraction of the new LWA are
uniforminsize, i.e., thelargegrainsandthesmall grainsare 1.5 mmand 0.9
mm in diameter, respectively, and the percentage of the solid value of the
new LWA is62.1%. Maximum water absorption measured by two hours of
boilingis1.78% at large grainsand 5.04% at small grains, which indicates
that the new LWA haslittle voids or little cracks inside.

LWA from Biotite-Rhyolite by Fluidized Bed, ALA. A novel
fluidized bed process has been developed to manufacture high perfor-
mance Artificial Lightweight Aggregates, called ALA (particle diameter,
300-600 pm), with high yield.[? The aggregates from this process are
characterized by their very smooth surface, no open pores, uniformly
dispersed closed bubbles, and excellent performance, i.e., lightweight,
resistance to isostatic pressure, and low water absorption.

Two factors are important for the production of these aggregates:

1. Determination of the operating conditions of afluidized
bed reactor to produce ALA without agglomeration

2. Use of porous biotite rhyolite for producing lightweight

aggregates

Raw Material and Pellet Preparation. The raw material used for
ALA isporous biotite-rhyolite, which originates from lava. This material
isproduced ontheNijimalsland of Tokyo. Itisrichin SIO,, and Al,0;and
contains a small amount of Fe,O5 (Table 2.4). The materials used for
making pelletsare shownin Table 2.5. These are very durable and have an
especialy high fire resistance.

Foaming Method. Thesilicon carbidefoaming method consists of
pulverization of theraw material, addition of afoaming agent, and burning.
It is shown by a schematic chart in Fig. 2.13.

Powder of the composition shownin Table 2.4 ismixed in adrum
granulator andthensievedthrough 0.25-0.5mm. Theraw pelletsareheated
for 30 minutes at 900—1000°C, to improve abrasion resistance during
fluidization and to prevent breakage by rapid heating. Fine alumina
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powder (d,=6.46 um) isused to coat theraw pelletsto prevent agglomerar
tion.

The foaming agent, SiC, reacts with the SIO, in the melted raw
material (1150-1190°C) under an oxidizing atmosphere, and evolves
carbon monoxide gasin the glass matrix. This procedure has apotential to
produce ALA with closed and uniformly sized bubbles.

Table 2.4. Analysis of Biotite-Rhyolite (wt%)!?

S0, ALO, Fe0O, CaO Mg0 K,O0 NaO LOI

78.7 12.3 0.87 085 0.09 2.73 4.01 0.39

Table 2.5. Materials Used for Making Biotite-Rhyolite Pellets?

Raw Foaming ) Coating
Material Agent Binder Powder
Biotite- Silicon Bentonite Fine alumina
rhyolite Carbide powder
96.8 0.2 3.0 10
Weight % coat powder of fine alumina not included in the base.

SiC
Raw material — Fine Pulverization — Pelletization —
Burning — ALA

Figure 2.13. Schematic chart for producing artificial lightweight aggregates, ALA.
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The experimental set up of afluidized bed reactor isshownin Fig.
2.14. A steel tube (inner diameter: 38 mm), adapted as a fluidized bed
column, was placed in an electric arc furnace. A fixed bed of aluminaballs
(dy=2 mm, static bed height 0.28 m) was used as the gas distributor. The
bed temperature was measured by using aK -type thermocoupleimmersed
in the bed. The bed pressure drop was measured by adifferential pressure
sensor. Fluidization gas was supplied by a computer assisted systemviaa
massflow controller to maintain the excessgasvelocity constant. I nert bed
material was charged in the column up to a height of 30 mm and heated
under fluidized conditions. When the bed temperature reached the prede-
termined temperature (1150-1190°C), raw pelletspreheated to 900°C were
introduced slowly into the fluidized bed over aperiod of 120 seconds, and
then the fluidization was continued for 5002000 seconds. The properties
of LWA are shownin Table 2.6.

Pressurized transducer

SUS Tube

Fluidized
bed

—

=

! s EA
: [l
L L
&
Al,O; balls = E' '
(Gas distributor)
U= @
- 40 -l _

Mass flow

Compressor
controller

Figure2.14. Laboratory scale fluidized bed forming reactor.[4
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Table 2.6. Properties of the Artificial Lightweight Aggregates Made by
Fluidized Bed (F.B) and Rotary Kiln(2

24 hrs
Mean Water | Apparent | Tensile
Aggregates Eartlcle Absorption | Density | Strength
Diameter | patio kg/m?3 M Pa
pHm
wt%
F.B 1190°C 500s 383 0.70 1051 5.83
F.B 1170°C 500s 349 0.19 1308 14.4
F.B 1150°C 500s 334 0.04 1520 18.2
F.B 1150°C 387 0.41 911 4.09
2000s
Rotary kiln 398 19.24 1024 5.04
Fine aggregate

Aggregate Surface and Void Structure. A comparison of the
surfaceand crosssectionof the AL A particlesproduced by thefluidized bed
reactor and those produced by arotary kiln are shownin Fig. 2.15, and the
bubble structure is shown in Fig. 2.16.

The figures show that the fluidized bed particles are of spherical
shape and smooth surface with almost no pore openings. On the contrary,
the rotary kiln products have many pore openings on their surface and the
intra-particlebubblesaremorenon-uniform, contai ning overgrown bubbles,
than those contained in afluidized bed product. These resultsindicate that
thefluidized bed productswoul d absorb littlewater and will haveimproved
flowability and workability for casting concrete with ALA. Pore structure
has shown that the closed bubbles become larger by coal escence. Thisalso
results in the decrease of the product’ s apparent density.

The fluidized bed is a very effective process for producing ALA
aggregateof desired density by controlling thetemperature. Theaggregates
haveasmooth external surface, becausethe particle’ ssurface meltswithout
agglomeration by thefluidized bed sintering. Theseaggregateshave shown
higher resistance to mercury intrusion under isostatic pressure than those
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produced by arotary kiln. Thisimplies that the fluidized bed product will
have low water absorption and high strength. The properties of ALA
aggregates produced by the fluidized bed and rotary kiln methods are
compared in Table 2.6.

(c) magnified external surface

Fluidized bed products Conventional rotary kiln products
1150°C 500s Fine aggregate No. 4
(p, = 1520 kg/m3) (p, = 1024 kg/m?)

Figure2.15. ALA particles, cross-sections, and surfaces.[d
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1150°C 500s p, = 1520 kg/ m3 1150°C 2000s p, =911 kg/m®

Figure 2.16. Bubble structure of ALA 2

Lightweight Aggregates from Blast Furnace Slag (Pelletized
Slag). In the manufacture of steel, pig iron is produced together with slag.
The amount by volume of slag produced is about the sameaspigiron. The
guantity of slag thus produced is very large, and it creates ecological and
environmental problems. Hence, thereis need for research to find usesfor
slag. Some slag is used after granulating and grinding as cement replace-
ment material in the building industry. Apart from this, some of it isused
in making lightweight aggregate. Due to the growing demand for aggre-
gates worldwide, research is being carried out to develop the process and
technique for producing good quality aggregates. Some of the processes
used for making the LWA and their properties are described here.

LWA from Slag in Canada. A Canadian company, National Slag
of Hamilton, has devel oped amethod of pelletizing slag into alightweight
aggregate by directing the stream of molten slag that comes directly from
theblast furnace tap hole onto arotating finned drum. Thisfinned drum
rotating on ahorizontal axisflingsthe molten slag up into the air whereit
isair cooled and then falls to the ground in discrete particles of expanded
slag with asize and density that can be easily controlled. Normally, this
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by-product of the steel industry, when run off into big pits and allowed to
slowly air coal, is used as a low-value crushed aggregate. With the
pelletization using the rotating drum, the end product can be used for
lightweight concrete structural applications and for lightweight concrete
masonry units. An example of itsuse isthe sixty-eight floor Scotia Tower
in Toronto which was builtin 1988 and at 244 misthe highest building in
Canada. It used 30,000 m? of expanded slag lightweight concrete for the
lightweight compositefloor deck and 100,000 tonsfor thelightweight slag
masonry units.[?°!

LWA from Slag in Russia. A process was developed to produce
lightweight aggregates in the 1960s in Russia.[??! In this process, molten
dlag is introduced into a venturi-like tube system in which high pressure
water and air are mixed in a turbulent flow with the molten slag. A
modification of this technology in which the slag, after coming from the
venturi, is cooled in arotating drum and screened using a trammel screen
attached to therotating drum, was constructed in Chelabinsk, Russia, inthe
1980s. The plant had an air-entrainment tower designed to fully treat the
sulfur-rich exiting gases.

Generally, the production of expanded slag resultsin high SO, gas
emissions that are not always properly treated. Also, leachate from slag
aggregate piles has a high acid content and, therefore, care must be taken
to minimize the effects on the environment. On the positive side, these
LWAsareproducedwith essentially no additional energy thanthat required
for regular aggregates, and in the area near blast furnaces, they provide a
competitive source of aggregatesfor low density concrete and lightweight
masonry units.

Expanded Slag Gravel, ESG-1. A new type of porous slag
aggregates has been developed in Russia. These are made from the melted
slag and are grouped in a class named “Expanded Slag Gravel (ESG).”
These resemble the natural dense gravel in shape, hence, the name Ex-
panded Slag Gravel. The manufacturing process has been described by
L armakovski.[?7]

Thetechnological complex for the production of theexpanded slag
gravel of the ESG-1 type consists of two production lines with a pore-
forming apparatus and a drum-cooler granulator as the main elements for
each line. One common steam-gas-dust cleaning system serves for both
production lines. The principal scheme of one technological line of the
operating complex at theLipetsk metallurgical worksin Russiaispresented
inFig. 2.17.
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To gas and dust cleaning system
Slag melt receiving tank Drum cooler

granulator
h H ' Calibrating
ﬁ“‘ x5 ) screen "\ 4

chamber

7 —
Pore forming v ¥ Un oadlM’
apparatus

=¥ - slag melt =»- air —»- water -owok- pore forming admixtures

>~ expanded slag gravel —+#- gas and dust exhaust ==-#- cooling water

Figure 2.17. Schematic diagram showing the production of expanded slag gravel.[?”]

The slag melt is normally fed into the inclined hydrochute of the
water and air pore-forming apparatusdirectly fromtherunner system of the
smelting furnace, (inparticular, blast furnace) at T = 1400-1500°C. Itisthe
best solution. The slag melts can also be fed to the pfa (pore forming
apparatus) at T = 1300-1400°C by ladlesin casethe complex isat aremote
distance from the furnace. The water jet penetrates the stream of the slag
melt, resultinginaporeformation process. Themassof expanded (foamed)
slag meets the stream of compressed air in the special run chamber of the
pfawhere the mass is dispersed and then injected into arotating drum. In
order tointensify theexpanding (foaming) processintheslag melt and thus
produce extra lightweight aggregates (ESG-1a) designated for the struc-
tural-thermal insulation concretes, not only physical (water-steam-air) pore
forming isapplied, but also an additional chemical addition (with the help
of gaspore-forming admixtures). The chemical admixturesarefedinto the
slag melt together withwater or air (depending uponthetypeof admixture).
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Thefollowing processestake placein arevolving drum of up to
30 min length.

At the entrance of the drum, the dispersed slag particles
strike against aspecial screen which throwsthem onto the
inner surface of the drum case where they reunite and
form a still-movable mass, which gets some additional
pore formation due to evaporation of water particles
capsulated in the mass.

The expanded slag mass, together with some amount of
dispersed slag particles, moves along the inclined drum
case in acomplex downward motion (spiraling down and
forward). Moving in such away, the slag mass is cooled
by water jets from the nozzles located along the drum
case, and then it is dispersed again by the drum’'s
longitudinal ribs. In the process of the drum rotating, the
dispersed expanded slag particles form shapes which are
close to the form of natural gravel and are thrown out of
the drumthrough the calibrated grate for further separation
to fractions, 05, 5-10, and 1020 mm.

The air-dried particle density of the ESG is 1.2-1.6 t/m?3
(depending on the chosen regime of the technological
process and type, chemical compositions, and properties
of the slag melt). At the end of the drum, thereis an outlet
pipe through which gases, water, steam, and dust are
transferred to a special system to be cleaned
mechanically and chemically. The productivity of each
of the two production lines of the developed complex is
3—4 tons/minute of slag melt flow being processed or up
to 200,000 m3/year of the fractionated ESG-1.

Properties of Expanded Slag Gravel. Some important properties
of theexpanded slag aggregates produced by theabovetechnol ogy (adrum-
cooler granulator) with the use of pore-forming admixtures (ESG-1a) or
without them (ESG-1b) are shownin Table 2.7.

The characteristics of two varieties of ESG-1 are given compared
to the characteristics of the EVS (expanded vesicular slag) aggregates
produced from the same type of slag melt by the traditional technology
which iswell-known as Hydro-Screen Technology.
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A comparativeanalysisof thedatain Table2.7 reflectsthe obvious
advantagesof ESG-1 produced accordingtothenew technol ogy, especially
when using gas pore-forming admixtures (ESG-1a):

» Lower total intergrain volume of aggregate voids, pro-
vided for by alesser volume of open pores on the surface
of grains and a shape of the grain similar to that of the
natural gravel.

» Lower density of the grain with approximately equal
compressive strengths in concrete.

» Lower value of average size of intergrain pores; quite
important to decrease thermal conductivity of concretes.

Table2.7. SomeImportant Properties of the Expanded Blast Furnace Slag

Aggregates Produced by Different Methods'?"]

Fraction of Properties of the Aggregates
Production the
Process Aggregates Total
mm Intergrain | BUIK Comp.
Volume of Denstsy Str.
Voids % kg/m MPa
Hydro screen 5-10 52.3 780 1.15
EVS 10-20 52.5 746 1.05
Drum 5-10 49.6 623 117
granulator/ 10-20 50.9 608 112
ESG-1a
Drum 5-10 49.0 726 1.39
granulator/ 10-20 50.1 715 131
ESG-1b
ESG-1a-with pore forming admixture.
ESG-1b—without pore forming admixture.
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Expanded Slag Gravel, Type ESG-2. Thetechnological process
of ESG-2 manufacture involves the following main operations.

In the case of ESG-1 production technology, the slag melt flowing
from the running system of ablast furnace getsinto the inclined vibrating
feed plate and then drops into the pore-forming apparatus. But in the
production of ESG-2, another variant of the pfa (pore forming apparatus)
is devel oped and shifted along the vertical axis from one plate to another
mounted on avibrating frame. There are vertical water nozzlesin the gaps
between the plates.

Theslagmeltispartially pore-formed (foamed) under theinfluence
of the water running out of the nozzles at the first level and moves
lengthwisethrough the pfa(poreforming apparatus) installations. Thenthe
melt istreated by water running out of the nozzles at the second level, etc.
The number of pfa(poreforming apparatus) levelsischaracterized by the
preset production capacity of the technological line (1-5 tons of pro-
cessed slag melt per minute).

Further on, the foamed ductile (pyro-plastic) slag melt mass over-
flows onto the rotating blade drum and is dispersed by the co-impact with
the blades. The pore-formed slag melt particles are thrown out into the
surrounding environment of theworking enclosed zone. Here, the particles
assume the shape of a granule (pellet) in the air countercurrent due to the
surfacetension force. Then the particles cool to thetemperature of crystal-
lizationand fall a ong the curveline onto transporting beltsof thereceiving
bin. The mix of the cooled ESG granules of different sizesis delivered to
the sorting installation for separation into 0-5, 5-10, and 10-20 mm
fractions.

In contrast with the best world prototype technology of manufac-
turing, the so caled “pelletized slag” (LITEX™) produced by National
Slag Limited (Hamilton, Ontario, Canada),!?8l one of the largest-scale slag
processing companiesin theworld, the main advantages of this devel oped
technology are the following:

* The environmental safety, due to significantly lower
technological water consumption and correspondingly,
5-6 times reduced volume of steam gas exhausts in the
atmosphere and its localization and neutralization.

» The possibility of obtaining more lightweight aggregate
(particledensity, 0.2-0.3t/m?less) having poresof smaller
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averaged size, that isprovided for by permanent step-by-
step contact of the slag melt with technol ogical water on
the above poreformation levels. The consequenceisthat
uniform thorough treatment of thetotal slag melt volume
by pore-forming agent takes place.

e Thepossibility of an amorphous phase content increases
in the upper layer of the aggregate grain dueto accelera-
tion of granule cooling in the created air countercurrent.
Correspondingly, itinvolveslowering thermal grain con-
ductivity and improving bond strength of the aggregate
grain to the hardened cement paste contained in the
concrete.

Propertiesof Aggregatesand Concrete. Someaveraged statistical
data on ESG-2 aggregates are the following:

 Bulk density for fractions of 10-20 mm, 550-600 kg/m?®
and 0-5 mm, 750-800 kg/m?®.

e Strength of grainis sufficient to obtain lightweight con-
cretewith up to 20 M Pacompressive strengths but when
natural sand isused asafineaggregate, thenit reaches40
MPa.

»  Water absorption per hour is 6-10% by volume, when
amorphous phase (glass) content is 50—70%.

» Coefficient of thermal conductivity infillingfor fractions
of 10-20 mm and 5-10 mm is 0.11-0.12 W/mK.

It must be emphasized that ESG-2 coarse aggregate with 550-650
kg/me bulk density is equivalent in thermal conductivity to expanded clay
gravel with 350-450kg/m3bulk density. Itisprovidedfor by aconsiderably
greater amorphousphase content and asmaller averagesizeof ESG-2inter-
grain pores.

ESG-2, with the above properties, is extremely effective to use
withinlightweight concretewhichisdesignatedfor applicationinwallsand
masonry units. It may also be used to produce concrete for load bearing
structures.

In the case of usage of gas pore-forming admixturesfor additional
foaming of slag melt, it is possible to obtain the ESG-2 with bulk densities
not higher than 400 kg/m? (coarse fraction). Thisvariety of ESG-2 will be
effective for use in heat-insulating fillings.
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Theapplication of newly devel oped technol ogies of expanded slag
aggregates (ESG) production at Russian metal lurgical works, instead of the
tractional hydroscreentechnol ogy of expandedvesicular slag (EV S) manu-
facture, made it possible:

» To meet environment requirements.

* Toimprovesignificantly themain propertiesof expanded
slag aggregates and, hence, those of LWAC made oniits
basis. The cement consumption required is reduced by
11-15% for walls and masonry units; by up to 27% for
bearing concrete structures, and thethermal conductivity
of the cement is reduced by 11-29%. The durability,
strength, and deformation properties are improved.

Lightweight Aggregatesfrom M unicipal Waste. NKK Process,
Japan. In theincineration of domestic waste, ash is produced that can be
converted into aslag, which isthen converted into alightweight aggregate
asdiscussedinthe previoussubsection. TheNKK corporation of Japan has
three 100 ton/day incineratorsand two 18 ton/day ash melting furnaces, the
|atter incorporating an innovative el ectric resistance ash-melting and slag
recovery process.[?’l This operates in the city of Hachioji while similar
plantsare operating in Ichinomiga, Ageo, and Morioka. Theslag produced
at thefour citiesisapparently only used asalandfill at the present time, but,
in the future, could be converted into alightweight aggregate.

In 1992, the NKK corporation began research on a“ high tempera-
turegasifying and direct-melting process’” andin 1995 built afull-sizepil ot
plant with a 24 ton/day capacity that subsequently processed 200 tons of
municipal waste, car shredded dust, plastic waste, and incinerator ash in
200 days of operation. Thewasteissupplemented with cokeand lime, with
combustion in athree-stage furnace. The output is combustible gas and a
slagmaterial. Theslag produced could apparently serve astheraw material
to make an expanded pelletized slag for usein LWAC.

Sludge Ash Aggregatesin the USA.Inthe USA, over fivemillion
tonsof sewage sludgeisproduced annually.!3% About onefourthisused for
making lightwei ght aggregatesand therestisfor landfill disposal . Magdich{3!
developed a method for treating 0.5 million tons of municipal sludge
annually to produce about 300,000 tons of incinerated ash.

The flow chart for the production of pellets and slab aggregates
from the sludge ash is shown in Fig. 2.18. The ash isfirst screened to 20
mesh (0.8 mm) and the lumps are removed. It is mixed with about 20%
water and placed into a pelletizing unit set at 3/8 inch. The pellets are
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dried overnight, loaded into stainless steel trays, and fired in a muffle
at 1050-1110°Cfor different periods. Thefired pelletsare cooled to room
temperature and later tested for specific gravity (sp. gr.). Thevariationin
the specific gravity with temperature is shown in Table 2.8. The product
with a specific gravity range between 0.8-1.4 was collected and subdi-
vided intotwo fractionsof lightweight | (sp. gr. = 1.1-1.4) and lightweight
Il (sp. gr. = 0.8-1.1) aggregates.

Incinerated Sludge Ash

) Feed Bin

22 20# Screen

Reject

Water Water
Mixer Mixer
Pelletizer 33| Slabbing
3/8"
\
‘ | | Drier @ 100°C
orir @ 100°c ] I
‘ g g 5 Furnace
Furnace 555 J Roller Crusher
I OQ ew
Storage Screen 3/8
\/ Fine Aggregate

Pellets Storage
3/8" aggregates

Slab Aggregates

Figure 2.18. Schematic flow chart of the production of pellets and slab aggregates from
sludge ash.[32
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Table 2.8. Variation in Specific Gravity of Sludge Ash Pellets32

Time Temperature°C
min 1060 1070 1080 1090 1100
10 155 1.34 1.04 0.77 0.79
15 141 124 0.80 0.65 0.68
20 1.35 1.12 0.71 0.58 0.59
25 1.30 1.08 0.65 0.55 0.57
30 127 0.98 0.63 0.54 0.52

Some of the properties of the aggregates are shown in Table 2.9,
and their microstructure is shown in Fig. 2.19. These data show that the
lightweight aggregates produced from sludge ash are stronger than the
expanded clay aggregates. Thereason could be the uniform size of pellets,
their spherical shape, and low moisture absorption.

There is potential for producing lightweight aggregates from
incinerated sludge ash that can be utilized in producing amoderate strength
concrete.

Lightweight Aggregates from Dredging Waste. Maintaining
adequate draft for shipping at wharfsnear industrial sitesrequiresperiodic
dredging. The dredge material frequently is silica-rich and highly toxic.
Attemptshavebeen madeto dispose of thesedredgingwastesby pelletizing
them by passing through an extruder and then burningthemin arotary kiln.
One of the major disadvantages of the rotary kiln is the requirement of a
large amount of air flowing up through the kiln beyond that needed for
combustion. When theraw feed isfed into the high end of thekiln, it meets
theexiting gases, and theliquidsintheraw feed areconvertedintoagasand
carried out of the kiln without entering the high temperature burning zone
at the bottom end of the kiln. To alleviate this problem, various forms of
two-kiln systems have been proposed in which the exiting gases from the
firstkilnarefedintotheburning zoneof thefinal second stagekiln. Another
system uses the stainless steel rotating pipe as a kiln, and is externally
heated to minimize the amount of gases that need to be treated. Although
pilot plantsthat embody some or all of the above ideas have been built, no
commercial operations are currently operating.
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© )

Figure2.19. Sections showing pore size distribution of (a) lightweight I; (b) lightweight
I pellets, (c) lightweight | (d) lightweight 11 slabs.[3Z

Table2.9. Specific Gravity, Bulk Density, Water Absorption and Fracture
Strength of Pellets and Other Commercial Aggregates®?

Pellets Commercial
Lightweight Lightweight | Expanded

[ I clay
Specific 1.07 0.75 1.04
gravity
Bulk 0.67 0.48
density
Absorption 2.49 2.88
(Wt%)
Fracture 120.0 42.8 35.93
strength (Ib)
Weight (gr) 0.66 0.31 0.34
Strength/weight 183.0 140.0 112.0
ratios (Ibs/gr)
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Recovering and Recycling Liquid Combustible Waste. Many
used fluids that normally pose a serious disposal problem, such as paint
thinners, used motor oils, and spent cleaning fluids, have ahigh fuel level
value. Thesefluids sometimesrival thefossil fuelsthat inthe past werethe
only fuelsused for firing rotary kilns. It has become common to obtain up
to 80% of the total fuel from these “secondary combustible materials’ in
fueling lightweight aggregate kilns. The plants are normally designed to
start up and shut down on conventional fuels such as natural gasand coal .
The magjority of the time they burn the secondary combustible fuels. If
problems arise, they shift back to the gas or coal. Government regulations
in North America control how these fuels can be disposed of in manufac-
turing lightweight aggregates. For waste fuels that need higher tempera-
turesand longer resident times at high temperature, cement kilns are used.
For a very limited amount of waste, special incinerators need to be
dedicated only to the very toxic liquids where the CO, emissions are
generated with no compensating benefit to society.

For boththecement, aswell asthelightweight aggregate producing
rotary kilns, the emissionsrules are very strict and attention isto be given
to the burning process that takes place at the lower end of the kiln. Asthe
kiln revolves, the gases and objectionable particul ate matter evolved inthe
burning zone move up the kiln; counter to the downward flow of the clay,
shale, or the slate where they come in close contact. This long-term
retention contributes to the efficient destruction of the hydrocarbons and
other wastesand to theincorporation of the productsof combustionintothe
raw feed for further exposure to the pyro-plastic aggregates and to the
burning process again. Exiting gases pass through €l ectrostatic precipita-
tors, or fabric filters, or both. The kiln dust recovered can have some
hydraulic properties and a significant amount of it is incorporated as a
cement supplement for making masonry units.[28]

5.0 CONCLUDING REMARKS

Lightweight aggregates are produced from natural materials of
volcanic origin like pumice and scoria by mechanical treatment. Light-
weight aggregates are also produced by thermal treatment of either the
natural raw materialslike clay, slate, shale, etc., or industrial by-products
likefly ash, slag, and sludge, etc. With thedevelopment of structurally high
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strength lightweight aggregate concrete, the demand on the quality of the
aggregates has increased. Intensive research is being carried out on the
development of high strength, yet low density, aggregates with low water
absorption and better thermal properties.

Lightweight aggregates from fly ash and slag are produced using
different sintering processes. These are tough and have low water absorp-
tion. These will produce high-strength lightweight aggregate concrete of
high durability.
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3

Supplementary
Cementing M aterials

1.0 INTRODUCTION

The economic, practical, and technical benefits of high strength
lightweight aggregate concrete have special attractionsfor applicationsin
off-shoreand marinestructures, high-risebuildings, and long span bridges.
A decreasing density without reducing strength, or increasing strength
without increasing density, combined with high durability can lead to cost
effective engineering solutions.

M odern concreteisbased on portland cement comprising thebasic
minerals C;S, C,S, C;A, and C,AF. Though portland cement concrete has
alot of good properties, disadvantages are also associated with it: high
energy required for producing cement, poor or lack of reactionwith clay and
dust particles, chemical interactionsand formation of undesirable del eteri-
ousproducts, and the necessity of using both coarse and fine aggregatesfor
attaining rich concrete. All these disadvantages are due to the fact that
portland cement contains alarge amount of calcium oxide (63-67%). Asa
result, the products of hydration, together with CSH, act as physically and
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chemically activecompounds; (3—4)CaO-Al,04(10-13)H,0O (calciumalu-
minate hydrate), (3—4)CaOAl,O5°Fe,04(10-13)H,0 (calcium alumino
ferritehydrate), 3CaOAl ,0523CaS0O,+31H,0 [ cal cium aluminatecalcium
sulfate hydrate (ettringite)], (1.5-2)CaO+SiO,*nH,0 (calcium silicate hy-
drate), etc.; the minerals that are almost nonexistent in nature. These
interact actively withthesurrounding environmentsand are, thus, subj ected
to various physical and chemical changes during the process of exposure.

These deficienciesin the propertiesof portland cement discourage
its use in producing high performance concrete. With the development of
industry, the increase in land as well as air traffic, and the increase in the
global population, the atmosphere has become more polluted, thereby,
more degrading to building materials. This has generated a demand for
durability properties of concrete morethan its high strength. In addition to
this, with off-shore constructions where the concrete is exposed to very
hostileclimatic conditions, thedemand for durability hasfurther increased.
Thishasled tothedevelopment of new binder systemswhichwill fulfill the
requirements set forth for the durability of concrete. Some new high
performance cements have also been developed specifically in Norway
where concrete of high performance is needed for off-shore construction
and the marine environment.

It is known that the pozzolanic materials strengthen the mortar
matrix and modify the microstructure. Pozzolanic materials of natural
origin were used long before theinvention of portland cement (patented in
1824). TheRomans' binding materialswere based on burnt limestone and
ground volcanic materials, such as pumice from the neighborhood of the
volcano V esuvius, and from Theraor Santorini, named Santorinearth, from
Greece. Another natural pozzolanic material from the Rhineriver areain
Germany known as “Trass’ is also used for increasing the strength and
durability properties of concrete. Pozzolanic materials are named as
mineral admixtures, supplementary cementing materials, or cement re-
placement materials. Someof thesematerialsareindustrial by-productsand
agro-waste products. Themaost popular mineral admixturesarefly ash, blast
furnace slag, and silicafume.

These supplementary cementing materialsareknown to contribute
to properties of strength and durability. Silicafume has, for example, been
extensively used to develop high strength lightweight aggregate con-
crete. 114 However, fly ash and slag are much more readily and widely
available. Theseare used to enhancethedurability properties, but they slow
down the strength development of concretein the early stage. Silicafume,
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ontheother hand, ishighly pozzolanic and produceshigh strength material.
When mixed together with fly ash and slag, it is capable of initiating rapid
hydration at an early age while compensating for slower strength
development.

To better understand the behavior of these binders, the hydration
processes involved with their addition are discussed here. Some of the
examples of LWAC made with their addition are also cited with special
emphasis on strength and durability.

The hydration process of portland cement iswell known and will
not be discussed herein detail. However, based upon isothermal calorim-
etry, aclassification of hydration has been done. It is shown schemati-
cally in Fig. 3.1.1°
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| Monosulfate
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Figure 3.1. Classification of hydration stages by isothermal calorimetry.[?

2.0 HIGH PERFORMANCE CEMENT

Therearedifferent typesof cementsvaryingintheir mineralogical
composition. Many of them are mixed with mineral admixtures. The
addition of amineral admixturelikesilicafume producescement with high
strength. Thisis of interest for off-shore construction where high strength
and high performance are required.

Asiswell known, development is done to meet aneed. A Norwe-
gian cement company, NORCEM a.s., hasdevel oped high strength cement
(NORCEM a.s. P30-4A/HSE5). Itisusedinreal structuresand in research
projects. In the 1970s, NORCEM a.s. started the optimization of portland
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cement for the construction of off-shore platforms. The main objectives
weretogiveahigher long-term strength and to reducethe heat of hydration.
The latter was motivated by the fact that off-shore platforms (and also
marine structures) typically have thick sections combined with a high
binder content. The result was the development of a special high strength
cement, designated as HS65 (28 day compressive strength, i.e., 65 MPa
according to NS-EN 196). It has the following characteristic properties
compared to the ordinary portland cement (P30):

* higher C,S and somewhat lower C;S

« higher fineness (appr. 400 m?/kg for HS65 vs 350 m?/kg
for P30)

» lower akali content (0.55% NaO-eq for HS65 vs 0.95%
for P30)

The HS65 cement produces a concrete with about 25% higher 28 day
compressive strength than a corresponding P30 cement.

Apart from special cements, silica fume, 5 to 8% by weight of
cement, isaddedto all high performance LWA concretesin Norway. Silica
fumeisused not only toincreasethe strength, but toimprovethedurability,
i.e., the resistance to reinforcement corrosion, to improve the ease of
construction, and the resistance to segregation of LWA during mixing,
transport, and placing. The guidelines of the Public Norwegian Roads
Administration requireaminimumsilicafumecontent of 2%in concretefor
marine bridges for durability reasons.

Therequired effectivewater/binder ratio hasbeen somewhat [ower
than what isrequired for normal density concretes. Thisisdone mainly to
have extra security in order to fulfill the required maximum water/binder
ratio because of the uncertainty about the amount of mix water absorption
of the LWA. In most of the cases, the effective water/binder ratio isin the
range of 0.35t0 0.38.

3.0 MINERAL ADMIXTURES

Themost widely used mineral admixturesarefly ash, blast furnace
slag, and silicafume. Sometimesricehusk ashisalso used. Colloidal silica,
anew product with the trade name Cembinder ™, was recently devel oped.
Itis man-made and containstiny pure silica particlesin adispersion form.
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Itishighly pozzolanic and hasshown very promising results. Thefly ashis
generally used at replacement levels of up to 30%. For slag replacements,
levels at around 40% and 70% are used for different applications. With
these two minerals, the devel opment of amicrostructure during hydration
is slightly modified from the pattern obtained without their addition. The
replacement levelsfor silicafume are much lower, typically not more than
10%, but theeffect onthemicrostructuredevel opmentisvery pronounced.!®
Inthecaseof Cembinders, theamount usedisvery low, 2—4% of theweight
of thebindersand, thus, isused asamodifier.l”? All themineral admixtures
interact with calcium hydroxide and, thus, also have significant influence
on the microstructure devel opment.

The hydration process with the addition of amineral admixtureis
different from that of pure portland cement. It depends upon the type of
mineral admixture used. Blast furnace slag, for example, has a latent
hydraulic property. It has to be activated. Fly ash “F” rich in iron, has a
pozzolanic character whereas fly ash “C” isrich in calcium hydroxide.
On the other hand, silica fume and rice husk ash have huge amounts of
amorphous silica, and Cembinder is pure amorphous silica. Thus, it
behaves like a reactive pozzolan.

3.1 Hydration of Fly Ash Cement

The effect of fly ash on the hydration of cement paste and
concrete is still not well understood.!® This is because fly ash is very
inhomogeneous and its chemical composition may differ between two
sources or even within one single particle. Fly ash particles, which are
essentially inert in the early stages, are reported to enhance hydration of
cement at later stages. These are slow reacting pozzolanic materials. For
example, the amount of calcium hydroxideis high and the nonevaporable
water, representing C-S-H formation, islow at an early age of cement paste
hydration containing fly ash.[®! This pozzolanic reaction progresses with
time, whichismarked with adecreasein calcium hydroxideand anincrease
in C-S-H content. This phenomenon, which also occursin the other finely
divided non-reactivemineral powders, isattributed to theexistenceof these
grains between the cement particles,[¥ which results in increased space
available for the growth of the hydration products.

In addition to enhanced cement hydration, fly ash by itself hasthe
ability to react typically with Ca?* and OH" ions rel eased from the cement
to form secondary products. In this sense, as was mentioned before, class
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F fly ash is apozzolanic material. Class C fly ash, on the other hand, may
contain higher amountsof CaO and someC3A, C,S, etc. Itisableto hydrate
by itself, and is of a more cementitious nature.

M cCarthy and Tishmack[*¥ investigated fly ash from the Shawnee
Pilot Plant, Paducah, KY, using bubbling bed atmospheric fluidized bed
combustion technology (AFBC). They used high-sulfur bituminous coal,
fly ash, and char. They havestudied apasteof KY AFBC and char at awater-
to-solidratioof 0.45 cured at 100% R.H. for threemonths. It wasshownthat
all thelimehasbeen hydrated to portlandite, and much of theanhydride has
hydrated to gypsum. The peaks in the XRD pattern were very sharp and
distinct which indicates good crystal formation. Ettringite was identified
and is a prominent hydration reaction product. Thereis also some calcite,
which formed by partial carbonation of portlandite.

Besidesthe chemical interactions, fly ash also densifiesthe micro-
structure which is measured by mercury intrusion porosimetry. One of the
examplesof such densificationisshowninFig. 3.2,[* for threetypesof fly
ashes.
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Figure 3.2. Pore size distribution measured by the mercury porosimetry of an ordinary
portland cement and three fly ash composite cements (using fly ashes EFA, LM, and LB,
respectively, in order of increasing particle size). Reference (Ref) is portland cement.[1]
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3.2 Hydration of Blast Furnace Slag Cement

The principle hydration products formed in blast furnace slag
cement are similar to those formed in portland cement; CSH gel, C;AHg,
and AFt. Increasing slag content gradually results in the formation of
C,A SHg (incompatiblewith CH) and silicioushydrogarnets.[*d Pietersen(*l
studied the interaction of slag with cement. His observations are shownin
Figs. 3.3and 3.4. Figure 3.3 shows abackscattered image of areacted zone
enveloping aslag grain in blast furnace slag cement hydrated for 90 days.
Herethedifferencesin composition along the slag edge areclearly visible.
Thetwo smaller mapsrepresent XRD analysesof Mgand Al, respectively,
andindicatetherelativeconcentration of theseelementsat theslag edgedue
to the diffusion of calcium and silica.

Figure3.3. Backscatteredimageof areacted zoneenvel oping aslaginblast furnacecement
hydrated for 90 days.!'!l
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Figur e3.4. Scanning Transmission Electron Microscopy micrograph of awell-crystallized
hydrotal cite-like phasewhich hasdevel oped withintheoriginal contoursof afully hydrated
slag particle (1SH).[*Y

Figure 3.4 shows that the Inner Slag Hydrate (1SH) indeed seems
to have crystallized into well-formed platel ets, presumably a hydrotal cite-
like(HT) phase, whichisknownto be capabl e of forminginwater-deficient
regions. The apparent high internal porosity is noteworthy.

Thisfigureclearly showsthat anet transport of Ca, Si, and Al from
the slag center has taken place; magnesium seems to act as a chemical
“goalpost” as suggested by Feng, et al.[1%! It isalso evident that chemically
different zonesareformed approximately at the position of theoriginal slag
boundary; apparently these zones remain at their place, once they are
formed, and may act asachemical barrier or membrane. Feng and Glasser[*4
haveintroduced the term | SH which reflectsthe inside of the reacting slag
grain, and theterm Outer Slag Grain (OSG) which standsfor the additional
hydrates formed outside of the original slag grain boundary.

The element transport mentioned above results in relatively po-
rous, but isolated areas, formerly occupied by the interior of the slag grain
(ISG). The densification of the slag cement paste outside the slag grains
results in an overall reduced permeability. The total porosity of the blast
furnace slag cement pastes changes only alittle in this process relative to
pasteswithout blast furnace slag. Thedensification of themicrostructure of
the pasteis, of course, well known from the pore size distribution, as, for
instance, measured by mercury porosimetry asis shown in the case of fly
ash (Fig. 3.2).
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3.3  Hydration of Silica Fumes

Silicafume containsparticlesasfineas0.1 umor lessand hashigh
surface energy; it partially dissolvesin saturated CH solution within 5-15
minutes, and aSiO, rich hydrateisdeposited in layersor filmson thesilica
fume particles. C-S-H, having a C/Sratio of about 1, has been reported to
form at 20°C in 24 hours after mixing with water and at 38°C in only 6
hours.[* The reaction of silicafume with CH is affected by the specific
surface area and the surface energy. Typically, the C-S-H produced with
silicafume hasalower C/Sratio than that using fly ash. Since C-S-H with
aC/Sratio of lessthan 0.8 isconsidered to bethermodynamically unstable,
calcium silicate hydrate, once produced, is converted to a C-S-H variety
having thelower limit of C/S, which coexistswith excesssilicacontaining
very little calcium. Thislower C/S ratio has been confirmed in reports by
Taylor.[*8l Diamond,[*”] Glasser,[18 and Roy!? stated that thereis change
inthecomposition of theporesolutionwithtime. It showsthat thehydration
process takes place not only in the early stage, but it continues with time.
Aftertheearly stagereaction, Li, et al.,!?% haveshownthat muchsilicafume
remainsunreacted after sevendays. Thesilicafumeparticlessurround each
cement grain, densifying the matrix, and filling the voids with strong
hydration products. Grutzeck, et al.,!'™ reported that the Caion isactively
dissolved from alite; its adsorption on the silicasurfacelowersthe calcium
ion concentration in theliquid phase, and the hydration of aliteinthe early
ageisaccelerated. At the sametime, the CaSO,, content isalso lowered and
the hydration of the interstitial phases of C;A and C,AF are, therefore,
accelerated. C-S-H formation by pozzolanic reactionisinitiated at around
ten hours, and it progressesin the period at 1-7 days. C-S-H with alow C/
Sratio isproduced, and the amount of Ca(OH), remaining in the hardened
paste is decreased.

3.4  Hydration of Cement with Colloidal Silica;
Cembinder

Cembinders are aqueous silicic acid suspensions. They contain
silicic acid particles expressed as silica in the range of about 8% to 60%
silicaby weight of solution. The specific surface area of the particlesisin
therangeof 50 to about 200 m?/g. Generally, theagqueoussilicic suspension
employed includes silicic acid particles which have a wide particle size
distribution with the diameter of particles ranging from 5 to 200 nm.
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Cembinder reacts chemically with the cal cium hydroxide produced during
hydration of portland cement and produces C-S-H. Thereaction is sponta-
neous. Thus, its addition increases the early strength of concrete.l”l This
reaction is marked by the consumption of calcium hydroxide determined
after a particular interval by XRD and thermogravimetric analyses in a
mixture of Cembinder™ and portland cement at 0.35 water-to-cement
ratio. Thereisasignificant decreasein the peak of calcium hydroxide after
one day of hydration. This decreases with the increase in the amount of
cembinder and time (Fig. 3.5). Similar observations were made by
thermogravemetric analyses (Fig. 3.6), where weight loss between 105—
400°Cisrelated to the nonevaporabl ewater representing C-S-H formation,
and the weight | oss between 400-500°C isrel ated to calcium hydroxide. It
is shown that the amount of nonevaporable water increased up to 7 days
with acolloidal silica addition. Later, the increase is not substantial (Fig.
3.7). It shows that the reaction slows as most of the calcium hydroxideis
already consumed.
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Figure3.5. Quantity of calcium hydroxide calculated as counts per sec (at 260 =18.10°) C-
Reference, SF4, SF8, and SF16 represents mixtures with 4, 8, and 16% condensed silica
fume, and KF4, KF8 - 4 and 8% colloidal silica.l”
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Silicafume (SF) and colloidal silica (KF) are mixed with portland
cement inawater-to-binder ratio of 0.35. Thereactivity wasdetermined by
measuring the free CH at a particular interval. Figure 3.5 shows that the
amount of CH substantially decreased in all the cases with respect to the
reference sampleexcept in the case of 4% SF wherethe differenceisnot so
very large at seven days. Thistendency continued even at the later stage,
whereaswith the addition of 8 and 16% SF, thereisnot much of adecrease
at one day, but, at alater stage, a substantial decrease in the free CH is
observed. In the case of colloidal silica, KF, the amount of free CH is
significantly low even after 1 day. A 4% KF addition consumed 60% more
CH after seven daysthan 4% SF. Colloidal silicahasshown morereactivity
in al the cases. Thisis attributed to its fine particle size and purity.

4.0 LWACWITH A MINERAL ADMIXTURE

Swamy and Lixian?! investigated lightweight aggregate concrete
madewith sintered fly ash aggregate (L ytag™), and mineral admixtures of
fly ash, slag, and silicafume. Their work is reviewed here.

4.1 Details of the Materials Used

All thecementitiousmaterial susedinthe mixesconformedtotheir
respective BS Codes. The portland cement, ASTM Type |, had a specific
surface of 365 m?/kg, and atotal equivalent sodium oxide alkali content of
0.83. The Bogue composition of portland cement consists of C,S (48.6%),
C,S(23.9%), C;A (8.5%), and C,AF (9.1%). Theslag had afinenessof 417
m?/kg while the fineness of the fly ash expressed as the mass proportion of
the ash retained on a45 pm mesh was 7.6%. The silicafumewasusedin a
dispersion form with 50% solid content.

Natural sand, with a fineness grade of 2.04, was used as fine
aggregate. The coarse aggregate was the LWA made of sintered fly ash
(Lytag™) with a maximum size of 14 mm. The aggregates were initially
dried to a constant moisture content of 0.6%. The water absorptions of
Lytag™ aggregate after 30 sec., 30 min., and 24 hrs were 9.0, 9.7, and
13.5%, respectively, and an average value of 12% was used for mix design
purpose. Thecomposition of thefour typesof LWACisshowninTable3.1,
and the strength development in Tables 3.2 and 3.3. The amount of
binder is 350 kg/m? for all types.
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Table 3.1. Mix Proportions of LWAC!21

79

No | Cement | SF Slag PFA | Sand | Lytag™ W/B
Free| kg/m® | kg/m® | kg/m® | kg/m? | kg/m?® | kg/m3
N 350 — — — 635 715 0.4
F 300 20 — 30 635 715 04
S 300 20 30 — 635 715 04
SF 250 10 45 45 635 715 0.4
Table 3.2. Compressive Strength at Different Ages, MPa
Mix Age of Concrete, days
No. 1 3 7 28" | 28 180" | 180°
N 31.3 36.6 | 480 | 538 | 59.0 | 61.1 61.7
F 27.3 343 | 428 | 480 | 538 | 59.9 62.1
S 25.0 39.1 | 41.7 | 504 | 55.6 | 63.2 65.6
SF 174 31.3 | 365 | 46.1 | 49.2 | 59.4 56.6
** Wet curing, * Wet/air curing
Table 3.3. Flexural Strength with Time, MPa
Mix Age of Concrete, days
No. 1 3 7 28" | 28 180" | 180°
N 4.35 501 | 552 | 573 | 297 | 548 5.55
F 3.78 496 | 533 | 575 | 260 | 577 5.80
S 4.44 511 | 527 | 595 | 291 | 4.93 5.25
SF 3.49 462 | 485 | 543 | 3.39 | 513 5.36
** Wet curing, * Wet/air curing
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4.2  Strength Properties

Theaddition of ahighly reactive pozzolan, such assilicafume, can
compensate for theloss of early age strength asisshownin Tables 3.2 and
3.3. The degree of compensation depends on the type of pozzolan and the
mix design technique. Mixes F and S showed 10 and 20% lower compres-
sivestrengthsat one day. However, at three daysand beyond, compressive
strength attained the level of the control mix N. These results demonstrate
that PFA (pulverized fly ash) and slag had similar effects on the strength
development of LWAC both at early and later stages.

A mixture of SF with a lower portland cement content and a
relatively larger amount of cement replacement materials (replacement
materials 28.6% of total binder compared to 14.3% in mixes F and S)
produced 60% lower strength than the control mix N after 1 day, but at 28
days and after six months, nearly the same strength as mixes N, F, and S
could be achieved.

Berntsson and Chandral?? show that for aL WA concretewith 350
kg/m? cement and Swedish Leca™ (replacement by 30% slag) compressive
strength after oneday was 14% and after seven dayswas41% of the28 days
strengths. The strengths after 1 day, 7 days, and 28 days were 27%, 43%,
and 90% of the strength of concrete with 100% portland cement. Thisis
attributed to the latent hydraulic properties of slag. Replacement with fly
ash did not decrease the strength of the concrete. Thismay be duetothe
fly ash cement matrix. A 5 and 10% replacement of cement by condensed
silica fume did show improvement in strength, but the increase was not
significant.

With Liapor™ from Germany (replacement by 30% slag), com-
pressive strength after 1 day was 7% and after seven days was 61% of 28
days. Thestrengthsafter 1, 7, and 28 dayswere 25%, 45%, and 90% of the
strength of concrete with 100% portland cement, respectively.

There may be a more effective pozzolanic reaction with Swedish
Leca™ compared to the German Liapor™. This may be due to the smooth
surfaceof SwedishLeca™ comparedtotherough surfaceof Liapor™ 5and
6. The smooth surface containsamore glassy phase compared to therough
surface. Thisdepends upon the sintering process and the temperature used
for burning.

These results demonstrate the power of pozzolanic action of
mineral admixturessuch asPFA and slag, and theimportance of mix design
techniques to be able to tap and mobilize their ability to contribute to the
strength of concrete.
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The flexural strength datain Table 3.3 shows that at low replace-
ment levels(14.3% of total binder) theflexural strengthisscarcely affected
at three days and beyond. The SF mix with 28.6% of the total binder
replacement had a lower strength than the other mixes. By 28 days and
thereafter, thismix had flexural strength (5.43 MPa) comparable to mixes
N, F, and S (5.75 to 5.95 MPa).

Thefly ashmix F showed the highest flexural strength at 6 months,
compared to all other mixes, and thisis considered to be due to the better
bond between the fly ash LW aggregate and the fly ash cement matrix, as
was reported earlier.[23]

4.3 Elastic Modulus

Theelastic modulus of all the concretes containing supplementary
cementing materials has a higher dynamic modulus than the portland
cement concrete by about 10to 15%. TheF and Sconcretemixeshad almost
the same dynamic modulus at all ages, whereas the SF mix with a lower
portland cement content gaveaslightly lower valuethan mixesFand S(Fig.
3.8). Similar results were obtained by Berntsson and Chandra.[2Z

—~—— mix N
—e— mix F
—a— Mix S
—3¢— Mix SF

wet curing

dynamic modulus, GPa

0 20 40 60 80 400 120 140 460 180 200
age of concrete, days

Figure 3.8. Development of elastic modulus with age.!?!
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The effects of drying on the dynamic modulus of elasticity for the
four concrete mixes show that once drying starts no further increase in
dynamic modulusoccurs (Fig. 3.9). Thereisaprogressivereductioninthe
elastic modulus with time, and at six months, all the mixes had about the
same value of dynamic modulus from 24 to 25 GPacompared to val ues of
29to 31 at the same age for the concretes with mineral admixturescuredin
water until the test.

31

28 7d wet curing

dynamic modulus, GPa

age of concrete, days

Figure 3.9. Effect of air curing on dynamic modulus.[?!

Twoimplicationsareasfollows. The contribution tothelong-term
strength and stiffness of mineral admixtures depends greatly on the condi-
tions that they have to continue their hydration process. In a drying
environment, these conditions do not exist. Further, adrying environment
prevents concrete with pozzolanic constituents from realizing its full
potential and, further, because of thelack of continuing hydration, thereis
apparently a greater reduction in elastic modulus for these concretes
compared to that of portland cement concrete. Whereas air drying has a
negligible adverse effect on compressive strength and little long-term loss
inflexural strength, themajor impact of suchenvironmentsisonastructural
member’ sstiffness. In other words, structural stiffnessisamajor casualty,
and cannot benefit fromtheincorporation of mineral admixturesinconcrete
unless special precautions are taken to ensure that the material is protected
fromthesurrounding drying atmosphere, at leastintheearly stageof itslife,
to enable hydration to continue.
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Theinfluence of these mineral admixturesisdiscussed in detail in
Ch. 6, henceit will not be discussed here. However, in short, it can be said
that all the samples with mineral admixtures have shown a better pore
structure than the portland cement mortar under both wet and dry curing
conditions, except for the PFA mortar which showed, under thewet/air dry
conditions, aslightly higher porevolumeand porosity comparedto portland
cement mortar.

Further, it is confirmed that there is a pore refinement effect with
the addition of cement replacement materials compared to that of normal
portland cement mortar. This refinement occurs even when the mortar
samples were exposed to prolonged air curing.

Fly ash isavailablein many parts of the world where coal is used
inpower generation. Apart fromitsuniversal availability, oneof theunique
features of the PFA lightweight aggregate concrete isthe excellent aggre-
gate-matrix bond that devel ops between the fly ash aggregate and portland
cement or portland cement fly ash matrix.[?3]

It is seen here that, unlike normal weight concrete, the mineral
admixtures function somewhat differently. The reaction varies with the
type of lightweight aggregates asthey have different pozzolanic reactivity
on the surface.

5.0 SUPERPLASTICIZERS (SP)

Superplasticizers are surface active agents and have water-reduc-
ing characteristics. These are also known as high range water reducers;
fluidifiers, plasticizers, etc. This implies that it is possible to produce a
concretewith lower water-to-cement ratio with their addition. High perfor-
mance concrete (HPC) and high strength concrete (HSC) are generally
made with high cementitious materials. It causes difficultiesin obtaining
good workability and homogeneous dispersion of the cementitious mate-
rial. This problem can be overcome by adding more water. But this
decreases the strength. This creates the necessity of using water-reducing
admixtures. Concretes made with high cementitious materials and a low
water-to-binder ratio may create other problems such asearly age cracking
because of autogeneous shrinkage. It occurs due to the loss of workability
and the very quick drying at the open surface caused by the dual effects of
lack of bleeding, and thelack of bleed water to move uptothesurface. High
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heat of hydrationisanother major factor causingthermal crackingwithhigh
cement content in concrete. It isreported that the addition of slag reduces
the temperature rise during hydration. But it does not give early high
strength to the concrete. However, a combination of a high range water
reducer and afine ground slag, which significantly improves the strength
development, can be a possible solution.4

5.1 Influence of Cement Type on Superplasticizing
Admixtures

It is now recognized that the superplasticizers behave differently
with the same cement and different cements behave differently with the
same superplasticizer. The various superplasticizers available are neither
equivalent in their chemical characteristics nor in their functional proper-
ties. Evenif thesuperplasticizer meetsthe standard specification, it doesnot
mean that they are the same. The standard specification only defines
minimum or maximum values of certain parameters so that a particular
superplasticizer may meet the minimum standard, while the other may
exceed thisminimum specification by alargemargin. Thisisthereasonwhy
superplasticizers sometimes work and sometimes they do not.

Superplasticizers behave differently with different cements, and
different types of superplasticizers behave differently with the same ce-
ment. Thedifferencewith the cementsmainly dependsuponthesulfateand
aluminate componentsin the cement. Thetype of sulfatein the cement has
amajor effect on the viscosity and yield. Claisse, et al.,[?! show that the
anhydride gives substantially greater yield values than the gypsum. The
typeof superplasticizer hasaninfluenceontheworkability of cement paste.
For example, sulfonated naphthalene formaldehyde (SNF) condensates
make the paste more workable than sulfonated melamine formaldehyde
(SMF) condensates followed by lignosulfonates (LS). The influence of
variation in the composition of clinker mineral is elaborated by Kinoshita
and Okada.[?8! They tested cements which varied in the clinker composi-
tion, i.e, C5S, C,S, C;A, C,AF, and in fineness, and tested with the
superplasticizerssynthesizedinthelaboratory (M ethacrylic Water Soluble
Polymers, MSPs). These superplasticizers varied in molecular weight.
Comparison was done with a f-naphthal ene based polymer. Cements used
were low heat portland cement (L1), belite-rich portland cement (L2),
ordinary portland cement (N), and early high strength portland cement (H).
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Composition of the polymersand concreteare shownin Tables 3.4 and 3.5,
respectively.

It has been shown that the apparent saturated adsorption of M SPs
was significantly lower than that of NSF, and M SPs, with longer polyeth-
ylenegraft chains, led tolower adsorption. Thismay bebecause M SPswith
graft chainsformabulky, stereo-structural layer when adsorbed by cement
particles. Thisisin contrast with the NSF, acopolymer in the shape of stiff
chainsforming aflatter layer on cement particles. In other words, M SPsare
considered to produce strong stearic repul sion (entropy effect), rather than
electrostatic repulsion, by being adsorbed by cement particles and
forming abarrier, which providesan excellent cement-di spersing capabil -
ity. Itisalso shown from the exothermic rate curves of cement pastes made
with portland cement and a constant dosage of M SPsthat the longer the
polyoxyethylene (POE) chain, the weaker the set-retarding effect on
hydration.

Table 3.4. Character of Superplasticizer!?

Mark Kind of Mw? of Mw of Graft
Superplasticizer | polymer POE? proportion
graft chain of POE
(%)
MSP1 | Methacrylic water- | 37000 1000 240
soluble polymer
MSP2 | Methacrylic water- 43000 2000 340
soluble polymer
MSP3 | Methacrylic water- 43200 3000 340
soluble polymer
NSF | B-naphthalene 2500 0 0
based polymer
! weight-average molecular weight; 2 polyoxyethylene




Table 3.5. Mix Proportions of Concretel?!

Unit Quantity (kg/m3)
Type ) Sand/
of w/B | Slump | A" | Coarse Binder Fine Coarse
Cement Cont. Agg. Water Cement Silica Agg. Ago.
w C Fume
em) | % % s | s G1 G2
L1 0.50 18 4.5 47.0 170 340 0 842 965 0
0.35 21 45 40.9 170 486 0 684 1005 0
0.20 65 10 41.6 135 608 68 694 0 984
L2 0.20 65 1.0 41.6 135 608 68 694 0 984
N 0.50 18 4.5 46.8 170 340 0 837 965 0
0.35 21 45 40.6 170 486 0 676 1005 0
0.20 65 1.0 41.6 135 608 67 694 0 984
H 0.50 18 45 46.7 170 340 0 837 965 0
0.35 21 45 40.0 170 486 0 676 1005 0
0.20 65 10 41.0 135 606 6 680 984 984
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Flow values of cement paste made with normal portland cement
and MSPs at W/C ratio 0.30 were similar. But when the W/C decreased to
0.25 and 0.20, the differences between the cement dispersing capabilities
of MSPs became significant. Polyoxyethylene with the longest chain
showed the highest dispersing capability. Further, itisreportedthat it needs
alower dosage of M SPscomparedto NSFfor good cement dispersion. With
the use of MSP1 and MSP3, the fluidity of cement L1 was the highest
followed by N and H. It was observed that at a W/C = 0.50, the fluidity-
retaining capability of polymerswith shorter graft chainsishigher than that
of the polymerswith longer chains. However, the differencesare narrowed
intherange of low W/C ratio. MSPsimpart the highest fluidity to low heat
cement followed by normal cement and high early-strength cement. In the
low W/C range, low heat cement requiresalower dose of M SPthan normal
cement. This curbs the adiabatic temperature rise of concrete without
retardation in setting.

Itisconcludedthat M SP3and | ow heat cement usedin combination
make possible the production of high performance concrete having high
fluidity, low heat of hydration, and high strength. Further, itisreported that
the incompatibilities of cement/superplasticizers can be overcome by the
use of a high molecular weight SP for normal alkali cement.[?” For low
alkali cements, the use of a SP having a high residual sulfate content
improves the rheology with time and decreases the SP dosage.

Thetime at which the SPs are added also plays an important role.
It has been shown that the difference in the flow of cement paste with
sulfonated naphthalene formaldehyde (SNF) or amino sulfonic acid base
(AS) between simultaneous addition and later addition was larger than
those with polycarboxylic acid base (PC) and lignosulfonate (L S).[281129]
Particularly, theflow of cement pastewith SNF added later waslarger than
that added simultaneously. Thisincreases slump and causes bleeding and
segregation problems. This can be overcome by using some thickening
agents. For coarsely ground cements having alow C;A content, a small
amount of a viscosity-enhancing agent, such as Welan gum, is recom-
mended to prevent bl eeding and segregation in high slump concretes.[3% In
such cases, a higher dosage of SP can have better rheological properties.
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6.0 CONCLUDING REMARKS

With the growing demand onthestrength and durability properties
of LWAC, different binder systems have been developed and used. These
contained portland cement, fly ash, blast furnace slag, silica fume, and
colloidal silica. Some of themare highly reactivepozzolanslikesilicafume
and cembinder which produce material of early high strength. But at later
ages, the strength with the addition of all mineral admixturesisof the same
magnitude.

A mineral admixture addition to the portland cement-based con-
crete needs more water to produce the same slump as that of mineral
admixtures. This problem is resolved by the addition of high-range water
reducers, i.e., superplasticizers.
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M ix Proportioning

1.0 INTRODUCTION

There are many ways to produce lightweight concrete. Of these,
three main types can be identified. The first typeislightweight aggregate
concrete with monolithic structure in which the lightweight aggregate is
used instead of normal weight aggregate. The concrete may be used as
structural concrete and non-load bearing concrete for heat insulation
purposes. The second method relies on introducing large voids within the
concrete mass and isknown as aerated, foamed, or gas concrete. Thereare
exampleswhere lightwei ght aggregate has al so been added to such mixes.
The third type of low-density concrete is formed by omitting the fine
aggregate, causing alarge number of interstitial voids. Generally, coarse
aggregate of normal density is used, but lightweight aggregate gives
considerably reduced weight and better heat-insulation properties. This
concrete is described as no-fines concrete.

A classification of lightweight aggregate concrete can be based on
thedensity of theconcrete. Theremay bearelation between thedensity and
the compressive strength of lightweight aggregate concrete. A low density
concrete has low strength and a high density often has high strength.
Structural lightwel ght aggregate concretenormally hascompressivestrength
from at least 10 to 70 MPa.

91
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2.0 MIX PROPORTIONING OF NO-FINES
LWAC

The no-fines concrete of lightweight aggregate normally is com-
posed of coarselightweight aggregate of fraction from 4 mm and upwards,
for example, 4to 8 or 10 mm. For no-fines, thefineaggregateisomitted and
the concrete consists of cement, water, and coarse aggregate only. Quite
often, thereisan addition of amineral admixture such asfly ash or slag and
a small addition of filler or fine sand to the binder paste, mostly for
economical and technical reasons.

No-fines concrete is a lightweight aggregate in bulk with the
particles surrounded by a coating of cement paste or binder or mortar. The
thickness may be about one millimeter and sometimesalittlemore; for that
reason, large voids exist between the aggregate particles. When graded
aggregate is used, a higher bulk density results compared to a one-size
aggregate. The volume of voidsis decreased, resulting in higher strength
and thermal conductivity.

Therearedifferences between rounded or spherical-shaped aggre-
gate particles compared to sharp-edged crushed particles. Local crushing
may take place at contact points of small areas, which lowers the strength
of the concrete. Crushed aggregate does not havethe dense particle surface
layer as do industrial burned types.

The bulk density, in kg/m3, of the fresh and compacted no-fines
concrete is simply calculated as the sum of the bulk density of the
compacted aggregate, thecement content, thewater added, and theeventual
addition of other fine particles, such as pozzolan, filler, or fine sand. The
formulafor bulk density of the fresh concrete can be written as.

Eq. (1) Yoon = (1+P)7a + C+ W+ m,, (kg/m?)

wherep isthe compaction degree of the concrete or theincreasein the bulk
density of the lightweight aggregate, 7, is the bulk density of the loose
aggregate, C isthe cement content in kg/m3, Wisthe added water content
inkg/m3, and m_, is the amount of the other fine and dry particle addition
inkg/m?d.

After proper storing and hardening, the bulk density and the
compressivestrength can betested. Thebulk density of the concrete should
be calculated after drying at 105°C until aconstant weight isattained. The
bulk density of the dried concrete can be calculated as:
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Eq- (2) Q/dry = YAdry +C+ Wn + Mha (kg/ms)

wherey, 4 isthebulk density of thedry, compacted lightweight aggregate
and W, is the chemically bound water after the hydration of the cement
which is equal to the non-evaporable water.

The chemically bound water may be expressed as:

Eq. (3) W, =0.0.25C (kg/m?)

where a isthe hydration degree which may beintherange of 0.7-0.8 after
28 days hydration in room temperature.

The compressive strength of the no-fines lightweight aggregate
concretevariesaccording to the strength of thelightweight particleswhich,
in turn, depends on the type or origin of the aggregate and the particle
density, the compaction degree or the bulk density and the cement content.
The water-to-cement ratio is not the main controling factor, and there is
guite a narrow optimum water-to-cement ratio for any given aggregate or
aggregate combination. A water-to-cement ratio higher than optimum
would result in the cement paste draining away from the surface of the
aggregate particlesduring compaction load and vibration. Too low awater-
to-cement ratio would result in insufficient adhesive particle agglomera-
tion. The actual compressive strength has to be determined by a normal
compression test. It is better to use a trial test method than to create a
theoretical method of proportioning that is based on the desired compres-
sive strength.

It is not possible to propose an optimum water-to-cement ratio in
advance, sinceitisaffected by thewater absorption of theaggregateandthe
existing water content of the aggregate. It is, therefore, recommended that
asimple calculation for atrial mix composition be made. The following
assumptions may be considered for calculation.

For 1 m® compacted concrete, p% of extrabulk volume of loosely
compacted lightweight aggregate is needed because of the degree of
compaction of the concrete. For example, assume p is 10% of the fraction
4-8 mmwiththemean diameterd,,.,, = 5.6 mmand theparticledensity and
bulk density of the lightweight aggregate are 584 and 318 kg/m?, respec-
tively.

Thevolumeof aggregate particles(V,) in 1 m3 compacted concrete
is:

V,=1.1x 318/584 = 0.599 m3
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Theratio of bulk density and particle density isthe volume of particlesin
1 m?® of loosely packed aggregate.

For tmm mean thickness of cement paste or mortar covering all the
surfaces of the aggregate particles, the volume of cement paste or mortar,
(assuming that the particles are spheres) will be:

Eq. (4) Vo = Vot (M)

Natural aggregate particles are not spheres so the surface areais
multiplied by afactor. For rounded particles, the factor is 1.1. Thus, with
t = 0.25 mm, the volume of cement pasteis:

V

pm=1.1x6x0.599 x 0.25/5.6 = 0.176 m3

In this case, fine sand (<0.25 mm) is added in the same volume as
the cement to the mortar in order to stabilize the fresh structure of concrete
and increaseitsstrength. Thevolume of cement mortar can be expressed as
the sum of cement, fine sand, and water as follows:

Eq. (5) Vim =Clp. + Clp + (WIC) Clp,,  (m?)

where p, = 3200 kg/m?isthe density of the cement and p,, = 1000 kg/mqis
the density of the water.

Assuming that the effective water-to-cement ratio is 0.5, the
cement content is calculated from:

0.176 = C x (2/3200 + 0.5/1000)
C = 0.176 /[(2/3200) + (0.5/1000)] = 156 kg/m?
W= (W/C) C = 0.5 x 156 = 78 kg/m®

Itis necessary to pre-soak dry aggregate. In practice, it isdone by
adding thewater inthemixer before adding the other components. Assume
that 15% by weight of the dry aggregate is added. The absorbed water
content is:

0.15 x 1.1 x 318 = 52 kg/m?
The fresh density of the compacted concrete will be

156 + 78 + 156 x 2600/3200 + 0.599 x 584 + 52 =
799 kg/m?
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where 2600 kg/m? is the particle density of the fine sand. The dry density
will be:

156 + 0.7 x 0.25 x 156 + 127 + 349 = 659 kg/m®

The compressive strength, as well as thermal conductivity, are
functions of density. If it is necessary to increase the strength of the
concrete, normally the density must be increased. Consequently, the
thermal conductivity will also beincreased by about 0.03W/(mK) for every
100 kg/m? increase of the dry density.

Theincreasein strength can bedonein many ways, for example, by
exchangefor alightweight aggregate of higher density and strength, by the
addition of another fraction of lightweight aggregate of asmaller size, by
adding fine normal sand or filler, and by adding more cement or mineral
admixture.

The mechanism of strength development in the concrete involves
the size of the contact areabetween particles. Thisareawill beincreased by
the layer of paste or mortar around the particles so that the strength of the
concrete reaches the strength of the lightweight particles themselves.

3.0 MIXPROPORTIONING OF STRUCTURAL
LIGHTWEIGHT AGGREGATE CONCRETE

Theaimof mix proportioning of theconcreteisto presentaformula
or arecipe according to specifications. The procedurefor proportioningis
to combinedifferent concreteingredientsbased ontheir propertiesto attain
the required properties of the fresh, aswell as the hardened concrete. The
properties for the concrete are chosen from the structural design and the
requirements of safe and functional structures.

The requirements are mostly technical in nature, such as consis-
tency, workability, compressive strength, density, freeze-thaw resistance,
water permeability, thermal conductivity, and, not least, the servicelife of
the structure. In many cases, there are requirementswhich areimplicit and
expected of good quality concrete, i.e., stability against segregation of
aggregate, insignificant internal water bleeding, homogeneity after trans-
portation, and compaction. Good economy ismostly thedriving forceof all
kinds of concrete structures.
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Lightweight aggregate concrete is quite similar to normal weight
concrete except that the whole or apart of the aggregate consists of porous
particles with density less than natural normal weight aggregate of rock
origin, i.e., lessthan 2000 kg/m?. In practice, the designation of lightweight
concreteisclassified according to standardized strength and density classes.

Structural lightweight aggregate concrete has a closed structure
which meansthat all voids between the aggregate particles are filled with
abinder component or cement paste. Thesurfacesof theaggregateparticles
have to transfer the distributed stresses from the surrounding binder. This
is not the case in concrete with open structure or no-fines concrete where
theinternal stressesareconcentrated at discrete contact pointson aggregate
particles.

The production procedure of lightweight aggregate concrete may
often be more complicated than normal weight concrete. For example, itis
necessary to take into consideration the water absorption of the porous
aggregate from the fresh cement paste and that the lightweight aggregate
particles have alower density than the surrounding matrix, i.e., the cement
paste. The absorption of water in the aggregate results in an increasing
stiffness of the fresh concrete with time; the aggregate particles of low
density may segregate by flowing to the upper surface of the concrete.
Varying the density of the particles will also change the density and the
strength of the concrete.

Particledensity and water content may normally vary fromtimeto
time for different reasons. However, the properties of the lightweight
aggregate concrete need to be based on oven-dried concrete and all the
concrete ingredients. It will facilitate the whole analysis.

For practical reasons, the consistency or workability and the
density of thefreshly compacted concretewill reveal if theproportion of the
concreteingredients and their properties are as expected. If not, it may be
necessary to analyze the recipe and make proper correctionsfor anew trial
mix.

3.1 Basic Steps of Mix Proportioning

The concrete is regarded as a composite material. To simplify the
procedure of proportioning, the ingredients are restricted to two main
components, namely the binder and particlesor, rather, cement mortar and
coarse aggregate particles. Thetwo main components are assumed to fully
interact with each other.
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Thestepsof the proportioning procedureand what isneededfor the
calculation are described below.

The Requirements of Concrete.

» Compressive strength and density of the hardened con-
crete for the design of the structure.

e Consistency or workability for production purposes and
entrained air volume.

Other properties may be required for any specific application such asfrost
resistance, water impermeability, and the rate of chloride diffusion. For
design work, formulas exist that are used, such asfor tensile strength and
the modulus of elasticity, based on density and compressive strength.

The Ingredients of Concrete.

» Binder, for example, type of cement and mineral admix-
ture, i.e., silicafume, fly ash, and slag.

* Fine and coarse aggregate and its properties such as
particle size distribution by sieve analysis, bulk density,
and particle density of the lightweight aggregate, water
content, and, eventually, water absorption.

» Chemical admixtures, such as plasticizers and air-en-
training agents.

Combined Aggregate Particle Size Distribution Curve. The
size distribution curve shall be constructed on the volume of particle
density, and, for that reason, the particle density of the different size or
fraction should be known. The combined particlesizedistribution curve
is a modified Fuller's curve for continuous particle size distribution
according to the formula:

Eq. (6) p=(d/D)"

where p is the volume passing through a sieve of sized mm, D is the
maximum size of the particles, and nis according to Table 4.1.

Mean Value of the Particle Density of the Lightweight Aggre-
gate and Its Compressive Strength. The strength of the lightweight
aggregate particlemay be calculated using the empirical formula(Eg. 8) in
which the particle density is needed.
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Table 4.1. Exponent Coefficient According to the Fuller’s Formula

Sieve mm n
0.125 0.70
0.25 0.65
0.50 0.60
1 0.55

>2 0.50

The Compressive Strength of the Mortar. The strength of the
concrete is a function of the volume and strength of the mortar in the
concrete and of the strength of the lightweight aggregate. The relation
between the strength and the volume is shown in Fig. 4.1. The volume of
lightweight aggregate particles of 2—12 mm size should be in the range of
40 £ 5% by volume. The water/cement ratio or water/binder ratio for the
mortar iscal culated according totheformulain Eq. (11a). Thebulk density
of the mortar is also needed for proportioning.
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Figure 4.1. Diagram showing the relationships of density and compressive strength of
lightwei ght aggregate, mortar, and concrete. Theline AL describestherel ationship between
the density and strength of lightweight aggregate and point B represents the mortar. Point
O isthe density and strength of the lightweight aggregate concrete.
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Volume of Cement Paste and Cement Content. The volume of
cement paste or binder normally should beintherange of 0.28-0.35 m3for
1 m3 concrete. Thevolumedependsontheair volumeand thestrength. The
cement content iscal culated from the known volume and the water/cement
ratio.

Consistency. The volume and the rheology properties of the
cement paste influence mainly the consistency or the workability of the
concrete. Eventhewater absorption of thelightweight aggregate should be
takeninto consideration, especially thechange of theconsistency withtime.
Theconsistency or workability may bemeasured by aslumptest, flow table
test, or another test which is suitable for lightweight aggregate concrete.
During a flow table test, it is even possible to estimate the segregation
stability.

Preliminary Mix. The amounts of the concrete ingredients are
summarized and specified in weight as well as in volume for 1 m3 of
compacted concrete. It is preferable to add lightweight aggregates to the
mixer by bulk volumes instead of by weight in case the density varies.

Trial Mix. Thefirst mix of anew compositionisatrial mix andthe
fresh density and consistency istested. If the density differstoo much from
thecal culated val ue, the compositionischecked to seeif thereisany reason
for the divergence in the calculation or properties of theingredients. After
that, it might be necessary to revise the composition of the concrete.
Normally, the water absorption of the lightweight aggregate may cause a
divergence of the density and the consistency. Too stiff a concrete mix
needs a suitabl e plasticizer. Moretrial mixes are done until fresh concrete
withtherequired propertiesisobtained. The preliminary testing procedure
is followed by production of cylinders or cubes as specimens for testing,
mainly for density and compressive strength after hardening.

Final Mix. The density and the compressive strength are tested at
28daysaccordingtotheexisting standards. After testing, the specimensare
dried to equilibrium in weight at 105°C, and the oven-dry density is
calculated and noted, as well as the density of the fresh concrete and the
density after storage.

3.2 Procedure of Proportioning

The procedure for calculating the composition of concrete with
compressive strengths from about 10 to 40 MPa using different types of
lightwei ght aggregatesisgiven here. Anexampleisal so given showing how
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to analyze concrete composition of up to 70 MPa or more of compressive
strength. 1t should be emphasized that the density and the strength of the
lightweight aggregatearerel ated to thedensity and strength of theconcrete.
Therearelimitationsin the sel ection of lightweight aggregatesfor produc-
ing concrete defined by its density and strength. For example, using a
lightweight aggregate of low density and|ow strengthto devel op aconcrete
of high strength goes beyond the capabilities of the aggregate. Thereverse
is also true—a high density and strength aggregate should not be used to
create a concrete of low density and low strength. Producing low-density
concrete is possible by adding an air-entraining agent to create and attain
afixed volumeof air bubbles. However, itismoreadvantageousto haveair
bubbles in the aggregate particles than in the cement paste.

3.3  Properties and Volume of Components and their
Relations to the Properties of Concrete

Mean Compressive Strength of Concrete. The compressive
strength may satisfy the following conditions:

Eq. (7) m=fy +Axs,

where m isthe mean strength of the set of samples

S, isthe standard deviation of the set of strength results from
the samples

fy 1sthe specific characteristic strength of the concrete

A isafactor depending on the number of samplesin the
set of statistical analysis

Thecoefficient of variationisapproximately 5-10%for thestrength
and 3-5% for the density. Standard deviation is the coefficient multiplied
by the mean strength.

The Strength of the Lightweight Aggregate Particles. The
recommendation is to design the concrete mortar with a compressive
strength doubl ethat of theval ue of thestrength of thelightweight aggregate.
The mean compressive strength of the lightweight aggregate is cal culated
using the formula:

Eq. (8) f,,=a- 10pp /1000
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where a and b are coefficients according to Table 4.2 and p isthe particle
density in kg/md.

For all typesof lightweight aggregate, natural or factory produced,
there are different relationships between the strength of the lightweight
particlesand the particle density. There are special methodsto measurethe
particle strength of the aggregate. Because the particles interact with the
surrounding matrix, the cement paste or mortar, the method is based on
estimating the strength in concrete. The results are then used to evaluate
coefficientsaand b in Eq. (8).

Therelationships among the strength of the mortar, the strength of
the lightweight aggregate, the strength of the concrete, and the volume of
the mortar or volume of the lightweight aggregate are calculated using:

Eq. (9a) l0g feon = Via- l0g i, + vy - lOg Ty,
or
Eq. (9b) log fM =(log 1:con “Via® log fla)/(l - Vla)

where f.,, isthe strength of concrete
fy  isthestrength of mortar
fia  isthestrength of lightweight aggregate
Vi, isthevolume of the lightweight aggregate particles
vy  isthevolume of mortar

Table 4.2. Coefficientsaand b in Eq. (8)

Aggregate No. a b
1 1.52 1.14 (1.08, 1.03)
2 1.12 1.22 (1.16, 1.11)
3 1.00 1.25 (1.15, 1.14)
4 0.89 1.28(1.22,1.17)

In parenthesis, thevalueof bisfor 5and 10% water content inthe aggregate. The
valueof bisnot orismarginally influenced by thewater content. Aggregateno.3
isfor the bulk density of 300 kg/m?3. The lightweight aggregate is some type of
high quality sintered clay. Other lightweight aggregates may have other values
and shall be provided after the test.
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TheCompressive Strength of M ortar. Thecompressivestrength
of mortar can be calculated from Eq. (10). Here natural sand and ordinary
portland cement are assumed to be used, and the specimens for mortar
testing are of the same type and size as used for the testing of concrete.

Eqg. (10) fy = A 10B-WIC
where A and B are experimentally evaluated coefficients.

With A= 140 and B=0.87 (ordinary portland cement after 28 days
and W/C or W/binder > 0.30), the compressive strength is:

f,, = 140 - 10°087WIC

or
Eq. (119) W/C = log(140/fy,)/0.87

WhenW/Cis>0.20and <0.25, thefollowing formulamay beused:
Eq. (11b) fy = 160 - 10°087W/C

When W/C is between 0.25 and 0.30, A isto be interpolated.
According to accepted definition, the water/cement ratio is:

W/C =W 10%C

where W is the water content in m3/m? and C is the cement content
inkg/m3. Theformulagarevalidfor natural sand, not for lightweight sand,
and for awater/cement ratio less than 0.8.

Sometimesair isentrained intheconcrete, for example, if salt-frost
resistance isrequired. In this case, Eq. (11a) is changed to

Eq. (11¢) W, = log(176/fy,)

whereW, isdefined as (W+V,) - 10%C; V, isthe volume of entrained air in
m3/m3. The air volume shall not exceed 10% of the volume of concrete.
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The Volume of Cement Paste. The volume of cement paste or
binder in concrete should adhere to the principle of a constant paste-
aggregate volume and should be about 30% of the volume of concrete. The
volumeof cement paste dependson many factors, for example, thetypeand
shape of aggregate, consistency, stability of the concrete mixture, the
strength of the mortar or concrete, and water absorption of the lightweight
aggregate. Accordingtotheexperienceevenfromnormal weight concretes,
the volume of cement paste or binder may be in the range of 30 £ 2%. In
somecases, especially for avery highstrength concreteinwhichsilicafume
is added, the volume of the binder can reach up to 34%. Air-entrained
concrete also influences the volume of cement paste: the small air bubble
system changes the rheological properties of the fresh concrete and posi-
tively improves the workability.

Cement Content. The cement content is calculated using the
formula:

Eq. (12) C =1000- v,/(0.31 + W/C) kg/m?

where v, isthe volume of cement paste in concrete.
TheVolume of Sand. The volume of sand is calculated from the
formula

EQ- (13) Vs = 1- (Vp TVt Vajr)

wherev,,isthevolumeof lightweight aggregateand v,;, isthevolumeof air
in the concrete. Normally, the air volume is 1.5-2% of the volume of
concrete. For air-entrained concrete, the total air volume, as measured or
calculated, is used in the formula

TheBulk Density of theConcr ete. Thedensity of theconcretecan
be obtained by adding all the amounts of the ingredients in 1 md of
compacted concrete or may be calculated according to the formula:

Eq- (148.) Yeon=Via" fat W~ (1 - Vlb)
or

Eq. (14b) Yeon =Via* Ya® Vv * W
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where ., isthebulk density of concrete
%a Isthemean particle density of the lightweight aggregate
% isthe density of mortar

3.4  Examples of Calculations

The following calculations are examples of the proportioning
method and may be used for specific requirements.
Examplel . Lightweight aggregate concrete, strength class25MPa
(LC25) and density class 1.6 (oven-dry density 1400-1600 kg/mq), the
mean bulk density of the aggregateis 500 kg/m?® and particle density is 920
kg/m?3.
a. The mean compressive strength is calculated using Eq. (7).
m>f, +14-s,
m>25+1.48-0.07-m
Standard deviation (s,) is 7% and A is 1.48 according to
the number of samplesin the set.
m=>27.9 MPa, i.e., 28 MPa
b. The strength of the lightweight aggregate particles is
calculated from Eq. (8) usinga =1.12 and b = 1.22:
fla =q-100 /1000 = 1 12 x 10122 % 920/1000 = 14.9 M Pa
c. The strength of the mortar

Equation (9b) isusedto cal cul atethecompressivestrength
of the mortar. The volume of the lightweight aggregate
particlesis chosen to be 40% (v,,)

logfy, = (l0og28 - 0.40 x 10g14.9)/(1 - 0.40) = 1.63
fy = 42.6 MPa

d. Water/cement ratio
Calculate the water/cement ratio using Eq. (11a).
WI/C = log(140/f,,)/0.87 = l0g(140/42.6)/0.87 = 0.59
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e. Volume of cement paste

The volume of the cement paste is chosen to be 0.30 (v,)
f. Cement content

The cement content is calculated from Eq. (12)

C = 1000 - v;/(0.31 + WJC) = 1000 x 0.30/(0.31 + 0.59)
=333 kg/m®

g. Volume and weight of natural sand
The volume of sand is according to Eqg. (13)

Vo= 1- (Vy+Via + V) = 1- (0.30 + 0.40 + 0.02) = 0.28

The weight of natural sand is 0.28 x 2650 = 742 kg/m?
h. Volume and weight of the lightweight aggregate

Volume of lightweight particle = 0.40 m%m3

Weight of lightweight particle = 920 x 0.40 = 368 kg/m?

Bulk volume of lightweight aggregate = 0.40 x 920/500
=0.736 m¥/m?3

Water absorption, 3% of 368 kg dry aggregate = 0.03 x
368 = 11 kg/m?®

i. The composition of the concrete
In 1 m?3 of compacted concrete (dry materials) the compo-
sition isasfollows:

105

Ingredients Weight (kg) Volume (m?®)
Ordinary PC 333 0.104
Eff. water 0.59 x 333 196 0.196
Absorbed water 11 e
Natural sand 742 0.280
Lightweight agg. 368 0.400*
Air 0.020

* 0.736 m3 in loose bulk volume
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The water absorption of the lightweight aggregate par-
ticles from the cement paste in the fresh concrete is
normally 75 to 100% of the absorptionin purewater. For
many lightweight aggregates, the water is absorbed very
quickly duringthefirst few minutesof contact withwater.
Thus, it might not bewrong to assumethe samevaluesfor
the free absorption in water during 30 minutes or some-
times up to 1 hour.

The density of the fresh compacted concrete should be
1650 kg/m?.

During 28 days, the hydration degree, o, isdeemedto be0.7. The
chemically bound water is calculated by W,, = «0.25°C = 0.7 x 0.25 x 333
= 58 kg/m3. When 100% of the cement is hydrated o = 1.0.

The density of the oven-dried concrete is the sum of the dry
materials plusthe chemically bound water. The oven-dry density will then
be 1506 kg/m?®.

When the natural sand isreplaced by lightweight sand, the density
of the concrete is decreased. However, it is not necessary to change the
whole part of natural sand, for example, half of the sand may be sufficient.

Intherecipeabove, all thenatural sandisreplaced withlightweight
sand, size 0—4 mm, bulk density of 700 kg/m? and mean particle density of
1500kg/me. Thewater absorptioninthelightweight sandwill be0.03x 0.28
x 1500 = 13 kg/m?3. Theweight of thelightweight sandis0.28 x 1500 = 420
kg/m3instead of 742 kg/m?3 of natural sand. The mix proportionswill beas
follows:

Ingredients Weight (kg) Volume (m®)
Ordinary PC 337 0.104
Eff. water 0.58 x 337 196 0.196
Absorbed water 24 —_—
Lightweight sand 420 0.280
Lightweight agg. 368 0.400*
Air 0.020

* 0.736 in loose bulk volume
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The density of the fresh concrete is 1341 kg/m? and the oven-dry
density is 1179 kg/me. The strength of the concrete is insignificantly
influenced by the lightweight sand, if any.

The consistency of the concrete with lightweight sand will gener-
aly be stiffer compared to concrete with natural sand. A superplasticizer
may normally be added, sometimes in combination with an air-entraining
agent. An increase of 1% air volume is equivalent to 5-6 liters per m3
concrete of added water for the same consistency.

The principle of proportioning with regard to strength and density
may be easy to grasp in a diagram in which the compressive strength is
plotted asafunction of thedensity, seeFig. 4.1. Point Arepresentsthemean
strength (7.7 MPa) and the mean particle density (710 kg/m®) of the
lightweight aggregate, and point B, astrength of (61 MPa) and the density
(2230 kg/m?) of themortar. Point Oisthel ocation based onthecomposition
of the concrete, namely the density (1683 kg/m?3) and strength (29 MPa).
Thelength AB isdivided into two parts according to the volume of mortar
and volume of lightweight aggregate as follows:

AOJAB = vy, = 1- v and BO/AB = v,

Theline AL is obtained according to Eq. (8) and aggregate no. 3in Table
4.2. Theline AB is represented by the equation

log foo, = 5.91 x 104 x 3, + 0.4668

wheref.,, isthe compressive strength of the concretein MPaand y,,,, isthe
density of the fresh concrete.

Examplell. Proportioning of LWAC of 40 MPa Cube Com-
pressive Strength (L C40) with 6% Entrained Air. The mean compres-
sive strength at 28 days shall not be less than 45 MPa. The available
lightweight aggregate has a particle density of 1100 kg/m3 and a bulk
density of 600 kg/m® and the strength of the aggregate is 26 MPa. It is
convenient to start the procedure to find the composition of concrete
without entrained air and add 5-10% silicafume to the weight of portland
cement. Inthisexample, it isconvenient to use 7% silicafume. The object
of adding silica fume is to increase the strength of the binder and avoid
excessive heat development during the hydration process. This works
because of the pozzolanic reactivity and dilution effect of silica fume,
respectively. Theproportioning with the same procedure asinthe previous
calculation resulted in a composition without entrained air as follows:
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Ingredients Weight (kg) | Volume (m3)
Portland cement 394 0.123
Silicafume 28 0.013
Natural sand 723 0.273
Added water 184 0.171
Absorbed water 13 —_
Lightweight agg. 440 0.400*
Air — 0.020

* 0.736 in loose bulk volume

Thedensity of thefresh concreteis 1782 kg/mé. During themixing,
air voids will be created after adding an air-entraining agent. At the same
time, the consistency will be changed. A 1% increasein air volume hasthe
same effect on the consistency as adding about 0.005 m3m?3 of water.
Correction by addition of water shall be done in excess of the normal air
volume, normally 2%. Air voids will also decrease the strength of the
concrete. Thewater/cement (binder) ratiowill be constant after air entrain-
ment and the air volume to be added to the volume of water, is:

Eq. (15) (v, + V) - 1000/(C + B- )

The equation is written in order to compensate for the loss of strength
because of theincrease of air voids. Beta (f3) isthe factor of efficiency for
themineral admixture, for example, silicafume, and here3=2will beused.

Theamount of binder, whichisthe sum of cement and silicafume,
after entrained air is accounted for is:

Eq. (16) Bair = Bo [(Vo - AVyya + Vair )/ (Vo + Voair)]

where B, istheweight of the binder without entrained air,
vV, isthevolume of effective water without entrained air,

Av,,, isthevolume of water reduction keeping a constant
consistency,
V4 isthetotal volume of air in the air-entrained concrete,

Voir  ISthevolume of air in concrete without entrained air.
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Calculate the amount of binder as shown below:

By = (394 + 2 x 28)[(0.171 - 4 x 0.005 + 0.060)/
(0.171 + 0.020)] = 497 kg/m?

The cement content is calculated from the weight of the binder,
which is the sum of cement and silicafume. The silicafumeis 7% of the
weight of cement, but 1 kg silicafume corresponds to 2 kg cement.

C+2x0.07x C=497

C =436 kg/m?®
S=0.07 x 436 = 30.5 kg/m?
The weight of the binder is 466.5 instead of 497 kg/m?
The water content is0.171 - 0.005 x 4 = 0.151 m3/m?3
Theratio of volume of water plus air-to-binder is
(0.151 + 0.060) - 1000/(436 + 2 x 30.5) = 0.425=0.43
The effective water-to-binder ratio is
0.151 x 1000/(436 + 2 x 30.5) = 0.304

Thevolume of aggregate, sand, and lightweight aggregateis
Vagg =1 - (Vo + Vs +Vy, + V) =
1 - [(436/3200) + (30.5/2200) + (151/1000) + 0.060]
Vagg = 0.639 m¥/m?

The volume of natural sand is 0.639 - 0.400 = 0.239 m3/m?3

The strength of mortar according to Eq. (9b) is
logfy, = (1og45 - 0.40 x [0g26)/(1 - 0.40)
Vi 15 0.40, see Example I (c)
fy = 65 MPa

The ratio of the volume of water plus air to the binder is according
to Eq. (11c):
log(176/65) = 0.43

and calculated the same way as was done earlier.
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The resultant mix is as follows:

Ingredients Weight (kg) Volume (m®)
Portland cement 436 0.136
Silicafume 30.5 0.014
Natural sand 633 0.239
Added water 164 0.151
Absorbed water 13 o
Lightweight agg. 440 0.400*
Air — 0.060

* 0,736 in loose bulk volume

The density of the fresh concrete is 1704 kg/m? and of the oven-
dried concrete is about 1620 kg/me. When the test specimens are stored
under water from 1 to 28 days, the density of concrete will be about 1730
kg/m?,

Examplelll. Proportioning of Extremely Low Weight Struc-
tural Lightweight Aggregate Concrete. Thecompressivestrengthwill be
at least 12 MPa and the density of fresh concrete should be about 1200
kg/m?3. Based on experience, the particle density of the lightweight aggre-
gate, size 2-4 mm and 4-10 mm, will be 700 kg/m?® with the bulk density
of 385 kg/m? as the mean value. The proportion of the smaller fraction to
the larger fraction aggregate particle is 3:2 to 1:1 by volume. Using a
lightweight aggregate with alower density is not advisable for structural
concrete. Thecement content should not belessthan 350 kg/m3 and thetotal
air volume should be less than 10% of the volume of concrete.

The strength of the lightweight aggregate according to Eq. (8) and
Table4.2is:

fi= 1.00 - 10125% 70011000 = 7 5 \|Pg

In order to obtain aconcrete of density of about 1200 kg/m?, it isnecessary
to replace a part of the natural sand with an expanded polystyrene particle
of size0.5-2 mm, of particledensity 40 kg/m?, and normally not more than
8% by volume of concrete. These particleshave almost no strength and the
compressive strength of concrete without polystyrene particles may be
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estimated taking into the fact that the compressive strength is reduced by
4% for every volume percent of air bubbles or polystyrene particles added
to the concrete. Without polystyrene particles, the compressive strength
will be 12/(1-0.04 x 7) = 16.7 MPa. The volume of polystyrene particlesis
7% in this case.

Thefirst calculation procedure isto design the concrete composi-
tion without polystyrene particles or beads. The strength of the mortar is
according to Eq. (9b) and Examplelc.

log fy, = (10916.7 - 0.40 x log7.5)/(1 - 0.40)
fu = 28.5 MPa

The ratio of the water volume plus air volume-to-cement is calculated
according to Eg. (11c):

W, = log(176/f,) = 10g(176/28.5) = 0.79

The volume of cement paste is chosen as v, = 0.30 the cement content
is350 kg/m?, and the total air volume 0.090 m. The volume of water is

(v, +0.090) - 1000/350 = 0.79

V,, = 0.187 m¥m?3
The volume of cement pasteis

v, = 350/3200 + 187/1000 = 0.30 m*/m?
Thetotal volume of aggregateis

Vig=1- (V. +Vv, + V)

Vi, = 1 - (350/3200 + 187/1000 + 0.090) = 0.614 m*m?
and the volume of sand is

0.614 - 0.400 = 0.214 m3m3
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Replace 0.070 m? of the natural sand with the same volume of polystyrene
particles. The mix proportion is as follows:

Ingredients Weight (kg) Volume (m®)
Portland cement 350 0.109
Natural sand 381 0.144
Polystyrene 3 0.070
Added water 202 0.187
Absorbed water 15 e
Lightweight agg. 280 0.400*
Air — 0.090

* 0.727 in loose bulk volume

The strength of concrete without polystyrene, Eg. (9a):
log fy, = 0.40 x log7.5 + 0.6 x 10928.5 f,, = 16.7 MPa
The density of the fresh concreteis

350 + 381 + 3 + 202 + 280 = 1216 kg/m®

and the density of the oven-dried concreteis about 1075
kg/m?3.

The strength of the concreteis 16.7 x 0.72 = 12 MPa.
Thestrength can beincreased by adding awater-reducing
agent.

ExamplelV.Analysisof High Strength Lightweight Aggr egate
Concrete. During the last decade, there has been great interest in high
strength lightweight aggregate concrete for special applications, for ex-
ample, in off-shore construction. An analysisisgiven here of alightweight
aggregate concrete composition, which has a compressive strength of at
least 70 MPa.

Thelightweight aggregate hasaparticle density of 1450 kg/m? and
abulk density of 800 kg/m?. The composition is the following:
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Ingredients Weight (kg) Volume (m9)
Portland cement 430 0.134
Silicafume 37 0.017
Natural sand 590 0.223
Added water 202 0.174
Absorbed water 28 —_—
Lightweight agg. 625 0.430*
Superplasticizer 10 0.007

Air — 0.015

* 0.780 in loose bulk volume

The volume of mortar is 0.570 m3/m? and the volume of
lightweight aggregate is 0.430 m3/m3,

Thestrength of thelightweight aggregateisaccording to Eq.
(8) and Table 4.2

f,,=1.52- 10114 145 = 68 MPa

The effective water-to-binder ratio is
174/(430 + 2 x 37) = 0.345

The strength of the mortar is according to Eqg. (10)
fy = A10BW/C =140 x 10°087x0.345 = 70 MPa

With arapid hardening cement, the compressive strength is
multiplied by thefactor 1.1, thusthe 28 day compressive
strength should be 1.1 x 70 = 77 MPa.

The compressive strength of the concrete is calculated ac-
cording to Eq. (9a):
log feon = Vigl0g fi, + vy log fy, = 0.430 x 10968 + 0.570 x
log77 = 1.863

feon = 73 MPa
The density of the fresh concrete is 1894 kg/md.
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Example V. Madifying of the Composition of Concrete. Itisa
normal procedureto adjust the mix proportion of the concrete composition
after one or moretrial mixings. Thetesting iscombined with the optimiza-
tion process, whichincludesthe adjustment of the consistency or workabil-
ity of the fresh concrete and the strength and the density in the hardened
state and several other properties. It is also necessary to analyze the test
results in order to find out the strength of the lightweight aggregate in
concrete, which may differ from one aggregate to another. For analysis, it
may be helpful to use the diagram shown in Fig. 4.1.

ChangingtheDensity and Strength of M ortar . Figure4.2 shows
theresult of decreasing the density (Ay,) and strength (A fy,), which means
that BmovestoB’. Thevolumeof mortar shall al so bekept constant and the
same lightweight aggregate is to be used. The density of the concrete will
be

y,con =Yeon~" Vv AVM

where 7, (kg/m3) isthedensity of the concrete beforethechange, andAy,
(kg/m3) isthe change of the density of mortar. The strength of the concrete
after the changeis

1:,conz fcon ><(f,M/ fy )VM

wheref "y, (MPa) isthestrength of themortar after thechangeandv’,, =vy,.
ChangingtheDensity of theL ightweight Aggr egate. When one
typeof lightweight aggregateisreplaced by another type, for example, one
of a higher particle density, or the distribution of the particle size has
changed resulting in another mean density, the properties of the concrete
will change. In Fig. 4.3, the lightweight aggregate density has been
increased ashasthe strength of the aggregate. Thevolume of mortar should
be kept constant and the same mortar should be used as before the change.
The density of the concreteis

7/ con = Yeon + Vla Ap

where the Ap is the change of the particle density.
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Figure4.3. Graphic presentation of the density and the compressive strength of lightwei ght aggregate concretewhen theparticledensity
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The strength of the concrete after replacing the lightweight aggre-
gateis:

f,con: 1:conx(f’Ia/ fla)vIa

wheref’,, isthe particle density after replacing the lightweight aggregate.

4.0 CONCLUDING REMARKS

Lightweight aggregate concrete differs basically from the normal
weight concrete due to its porous nature (mainly due to the aggregate
particles) andlower strength. Thisfactisreflected on most of the properties,
for example, on physical and mechanical behaviors. Normally, all concrete
typesare designed according to what concreteis sought, such asstructural,
load bearing, heat insul ating, or onthewhole, ahigh performance purpose.

The properties of lightweight aggregate concrete determine the
type of lightweight concreteto be produced. When most of the lightweight
aggregate, more or less, is manufactured by the use of industrial methods;
the demandsof the market control thetype aswell asthe accessibility of the
raw materials. In quite afew areas of theworld, thereis pumice, amaterial
of volcanic origin, which is aimost ready to be used directly in the
production of mostly low strength concrete.

There are many ways or methods of designing lightweight aggre-
gate concrete. First of all, what structure the concrete will be used for has
to be decided, then the accessibility of different types of lightweight
aggregate and the price restraints need to be known. No-fines concrete for
block machine production or structural reinforced lightweight aggregate
concrete for pouring on site or in the factory lead to at least two different
ways of proportioning. However, common to both of them, the definite
proportion of concrete ingredients is established after testing and correc-
tions.

In calculating the optimal solution for the strength and density of
the concrete at the start of the mix design process, theresults are dependent
on the strength, density, and size of the available lightweight aggregate.
Sometimes, much isto be gained by changing one or two ingredients.

Based on the described proportioning methods, most of the light-
weight aggregate concrete can be designed for different applications.
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Production Techniques

1.0 INTRODUCTION

The production of lightweight aggregate concrete has been ex-
panding, and now includes all types—from no-fines concrete of low
density, mainly for block production, to structural concrete with densities
from 1000 to 2000 kg/m? and compressive strengths up to 80 MPa. The
production of all types of concreteis closely connected to the availability
of lightweight aggregate, and economics dictate the use of lightweight
aggregate concrete in place of normal weight concrete. Concrete is often
placed by pumping in situ. There have been difficulties pumping light-
weight aggregate concrete because the pump pressure forceswater into the
porousaggregate particlesresultinginanincreased stiffnessintheconcrete
which blocks the pipes.

Sometypesof structural lightwei ght aggregate concrete have been
successfully pumped by using asuitable chemical admixture. Lightweight
aggregate particleshavealow density duetotheir air voids. Theseair voids
allow the particles to absorb water. However, quite afew voids are closed
or sealed and have no connection to the surfaces and, therefore, are not
absorbent. Knowing the absorbancy of the LWA before production is
critical to the process because water absorbency playsanimportant rolein

119



120 Chapter 5 - Production Techniques

the way the concrete behaves in the fresh or wet state, mainly changing it
to astiffer consistency.

The different types of lightweight aggregate, natural and man-
made, need to be carefully examined before use for the production of
concrete. The properties of the aggregate, such as the bulk density, the
particle density, the moisture content, and the size distribution by sieve
analysis, areto bedetermined before production. Sometimes, itisnecessary
to do achemical analysisfor sulfur and chloride content. Many lightweight
aggregates are manufactured rather than natural and, therefore, are repro-
ducible and have a uniform quality, which is important at all production
stages, i.e., mixing, placing, and compaction.

Lightweight aggregates have alower strength than natural aggre-
gatesmainly because of the higher porosity which placesalimitationonthe
strength attained by the concrete. As a rule, the water-to-cement ratio
concept is used in the cement paste in concrete and is compatible with the
strength of the lightweight aggregates. However, a very high-strength
cement paste does not compensate for a lightweight aggregate of low
density and strength when a specific compressive strength of concreteis
sought, even if it may be feasible from a durability point of view.

In principle, the production of lightweight aggregate concrete and
normal concreteissimilar, but there are some exceptionswhich haveto be
taken into account for lightweight aggregate concrete. From experience,
lightweight aggregate is not difficult to use. Nevertheless, the concrete is
different and some methods need to be atered or modified.

2.0 LIGHTWEIGHT AGGREGATE AND ITS
SUPPLY

2.1 Bulk Density and Particle Density

Normally, the manufacturer or the supplier provides the bulk
density of the dry materialsand, sometimes, proposalsfor mix proportion.
The delivered lightweight aggregates are more or less wet and may also
contain particles outside the stated fraction size. The moisture content can
vary over a broad range of values from a few percent for manufactured
materialsup to 100% by weight for sometypes of pumice. The moisture at
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the time of delivery depends, for example, on how long a time the
aggregates were in stock and on the weather conditions when stored
outdoors. The bulk density of wet aggregate or, preferably, the particle
density must be known for the concrete mix and the weight of aggregate
prior to batching. Thetestsfor density and the moisture content need to be
updated from time to time and always at the delivery of fresh materials.

2.2  Moisture Content of the Lightweight Aggregate

The absorption of water by the lightweight aggregate particlesis
significantin concreteproduction. Itis, of course, desirableto prevent such
an absorption during the concreting process. It is logical to soak the
aggregate before mixing or to ask for delivery of very wet aggregates.
However, thisisnot alwaysagood solutionfor all concrete production. For
house construction, a high water content in the lightweight aggregate
resultsin along drying time of the concrete componentsand high humidity
indoorswhich creates problemsfor the other construction materialsand for
human beings. Another result of high water content in the lightweight
aggregateisalack of homogeneity inthe cement paste of theconcretewhen
compared to the vicinity of the surface of the particles and the bulk cement
paste. When dry cement comesin contact with very wet aggregate particles,
a cement paste layer of low water-to-cement ratio is produced on the
surface. Thisresultsinirregularitiesin the concrete and creates astructure
of higher permeability and low strength.

If thestiffening of theconsistency over timeisduetotheabsorption
of water, theabsorption may bereduced by soakingtheaggregate. Thereare
anumber of methods used. They may be:

* Immersethe aggregatesin water, sometimesin hot water
at the production site.

» Continuous sprinkling of stockpiled aggregate with
water.

» Storing and agitating the aggregatein alagoon filled with
water.

* Pre-wet theaggregateinthe mixer at the beginning of the
MiXing process.

* Vacuum-soaking.
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Pre-wetting in the mixer is the least effective method, but, it is
commonly used. It may be successful because most of thewater absorption
is completed during the first few minutes of soaking.

The most effective method is vacuum-soaking. The process is
finished after ashort time, but the method i s expensive. When the vacuum-
treated aggregates are to be stored, they should continuously be sprayed
with water to avoid having them dry out.

Thewater-soaked aggregates are necessary when the concreteisto
beapplied by high pressure pumping. Normally, thewater-absorbed aggre-
gateshavenodetrimental effect on strength and durability for high strength
structural lightweight aggregate concrete. It should be emphasized that
the water in the aggregate particles may be ignored when calculating the
water/cement ratio of the concrete.

3.0 REMARKS ON MIX DESIGN

Lightweight aggregate concrete has alower compressive strength
than normal concrete with the same water/cement ratio based on the
assumption that the lightweight aggregate particles have lower strength
than the hardened cement paste. There are several advantages in using
lightweight aggregates. These are due to their bond with the cement paste
and closeness of their coefficients of thermal expansion and the modul us of
elasticity compared to those of the dry cement paste. As a composite
material, this type of concrete leads to a more homogenous and coherent
material with a minimum of microcracking. The water absorbed by the
aggregate particles may be an aid to extending the hydration of the cement
and delaying and reducing crack formation caused by drying. Another
advantage is that compatibility between the aggregate particles and the
cement paste does not need to be taken into account for mix design, unlike
normal concrete. On top of it al, there is a reduction in permeability,
shrinkagecracking, andimproved durability. At mix design, cement may be
partially replaced by fly ash, ground-granulated blast furnace slag, and
micro silica. All these influence the properties of fresh and hardened
lightweight aggregate concretes.
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3.1 Lightweight Fines

Normally, the lightweight aggregate is confined to the coarse
fractionwhich meansaparticlesizefrom2 mmto4 mm and sometimeseven
larger. Specifications call for even lower densities, and, in such cases, use
of lightweight finesmay bethe optimal solution in place of natural sand for
mortar. Thelightweight sand iswater absorbent, and needs more water for
the same consistency, and has considerable variation in the particle size
distribution, mainly caused by handling. Lightweight fines often lead to
harsh mixes and, to overcome this effect, increased cement content is
necessary. An extended mixing time may also have apositiveinfluenceon
the rheological properties of the concrete mix.

3.2 Pumped Concrete and its Design

Pumping of fresh concrete has been widely used and the high
pressure during pumping presses water into the porous lightweight aggre-
gates. Usually, it isnecessary to add athickening agent to reduce the water
movement and, after addition of a proper plasticizer, the workability is
recovered. The types of lightweight aggregate, sand, and mineral admix-
tures influence the rheology changes under high pressure in the pipelines.
Mineral admixtures, for example, ground-granulated blast furnace slag or
fly ash, asafines addition influencesworkability and is cost effective. For
that reason, the thickening agent may be unnecessary. The workability
needsto be of ahigh order, at least a650 mm flow, and the cement content
increased up to 100 kg/m3, when fine lightweight aggregate is used. After
mix design, trials are advisable in order to ensure that the performance is

appropriate.

4.0 BATCHING

4.1  Aggregate Proportion

Theaggregate proportion in the design mix isbased on thevolume
asareall the other concrete constituentsin the concrete mix. After mixing
the concrete, the density of the compacted concrete seldom equals the
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calculated density. The variation is a result of the following uncertain
factors:

» Theactual particle density of the lightweight aggregate.
» The water absorption of the aggregate.
* Theair volume.

Thebulk density of loosely packed lightweight aggregate must be
measured after the delivery of the materials and even once per day during
production. Based onthemeasured particledensity and thebulk density, the
ratio of bulk and particledensity iscalculated. Thisratio isused to convert
themeasured bulk density to acalculated particle density whichisused for
the calculation of volume of the lightweight aggregate in the mix. The
magnitude of the ratio depends on the size distribution and the geometric
shape of the particles, normally between 0.52to 0.58 for rounded particles,
and is almost constant for the same type of material.

Failureto measurethe bulk density and the moisture content of the
lightweight aggregate may affect thedensity, strength, workability, and the
volume of the mixed concrete. This moisture content contributes to the
water content of the mix and contributes to the batched water. The density
and the workability of the fresh concrete and the batching of water arethe
requirements for performance because the free water content greatly
influences the workability or the consistency.

Thefinal comparison of the probable concrete composition can be
established from the value of the hardened and dried lightweight aggregate
concrete. For this reason, some specimens are dried from time to time at
105°C after testing of the compressive strength.

4.2  Mixing Procedure

The mixing procedure for lightweight aggregate concrete is the
same as for normal concrete and is produced in the same type of mixer or
mixing plant. An alternate mixing procedure isto mix the concrete in two
separatestages. According totheexperienceof many years, thismethod has
been successful especially for low density structural lightweight aggregate
concrete. In thefirst stage, the mortar is mixed, i.e., cement, sand, admix-
ture, and about two-thirds of mixing water. In the second stage, the coarse
aggregateisadded with therest of thewater, and final mixingisdone. The
concretemixed by thisprocedureischaracterized by good homogeneity and
high performance.
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At times, lightweight dry fines cause the materialsto form ballsin
the mixer. It can be avoided if less water is added at the start and then the
amount isincreased gradually.

Therate of water absorption during themixing processisrelatively
rapid for small sized lightweight particles. There should not be much
difference between mixes of lightweight finesand regular sand. In order to
estimate the mixing time, the water-absorption curve for the actual materi-
als can be studied. From the curve, it is evident that water absorption
practically ceases after afew minutes for lightweight aggregate particles
less than 8 or 10 mm. When necessary, the water added during mixing
shouldincludethewater absorbed during transportation and water that may
be added during compaction at the site.

Insomecases, itisdesirableto add extrawater to thefresh concrete
to compensate for the increased stiffness. But this should be done under
strict supervision. Of course, the decision for such action needsto be well-
founded and theincreased stiffness should not have occurred for any other
reasons, for example, decreased efficiency of the plasticizers or cement
hydration.

4.3 Volume of the Concrete Mix

Theyield or thedelivered quantity of themixed concretemay differ
from the calculated or expected volume. The variations may be caused by
mi scal culationand mal functioning or operation of thedosageand weighing
equipment, but it is more likely that the variability in density of the
aggregate is the result of changes in the aggregate itself and moisture
content. To avoid errors, the bulk density and moisture content must be
measured regularly and the batch weights adjusted accordingly.

In some concrete mixes, entrained air isincluded to improve the
freeze-thaw durability and workability or to reduce the density of the
concrete. Measuring the air volume in lightweight aggregate using the
pressure method can be misleading. The volume of air in the empty voids
inthelightweight particlesisal soincludedintheair content of theconcrete.
Itisnot areliable value especially at avery high air content, such asup to
10% by volume of the concrete. Another method of measuring the air
volume must be used.
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5.0 TRANSPORTATION AND PLACING OF
CONCRETE

5.1 Transportation

Thetransportation of lightweight aggregate concrete, factory pro-
duced, and ready-mixed lightweight aggregate concrete to a job site is
amost the same as for normal concrete. As discussed earlier, the loss in
workability between mixing and placingismorepronounced becauseof the
absorption of water by the porousparticles. Transportati on equi pment may
lead to segregation and loss of homogeneity. This can be overcome by
modifying the mix composition, keeping the concrete in a slow state of
agitation or mixing periodically such asby the use of atruck mixer or more
radically changing to other equipment for transportation. Attention must
always be paid to possible delays, for example, due to a traffic jam, in
transporting concrete under hot and dry conditions. In acold climate, itis
normal to increase the temperature of the fresh concrete during the mixing
procedure, if necessary, even up to 30°C. It should be emphasized that the
lower density of the lightweight aggregate concrete results in a lower
specific heat than that of normal concrete and a higher 1oss of temperature
with time.

Now, large quantities of concrete can be transported by means of
pumping through pipelines over long distances especially to a location
whichisnot easily accessibleby other means. Pumpingisan exampleof the
end of onesort of transportation system and includesthe placing operation.
Pumping lightweight aggregate concrete is easily achievable using good
pumping practicesand ensuring that the mix composition and properties of
the fresh concrete are adjusted to meet the requirements and needs of the
materials used. Pumping of concrete that contains a high volume of
entrained air, with about half the density of normal concrete, has not yet
been successful.

5.2 Compacting, Finishing, and Curing

Compaction isaconsolidation process that molds concrete within
formsand around embedded partsto eliminate pocketsof entrappedair. The
operation can be carried out in many ways, mostly by mechanical methods
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such asby internal vibrators, poker vibrators, and external vibratorsrigidly
clamped to the formwork. Compaction of precast concrete unitsin factory
production is often executed by means of vibrating tables. The vibration
characteristics vary from very low and high amplitudes to high frequency
with small amplitudes. Poker vibratorshaveahigh frequency, upto at least
200 Hz, and a high acceleration which, in turn, is a function of frequency
and amplitude. Compared to normal concrete, lightweight aggregate con-
crete needs less compaction. Too intensive a vibration may lead to low
homogeneity and loss of stability of the fresh concrete. As with similar
normal concrete, the use of an impervious smooth mold increases the
occurrence of air bubbles on the surface. This is even more likely for
concrete containing lightweight aggregate fines. Very smooth steel forms
may give better results after chemical etching.

Bleeding will normally be less than for normal weight concrete
because the lightweight aggregate concrete contains a higher cement
content compared with normal concrete of the same strength class. The
water on the upper surface reduces the risk of plastic cracking caused by
water evaporation and high negative water pressure in the capillary pores
of the concrete. Less bleeding can logically give more early cracking, but,
on the other hand, the absorbed water in the lightweight aggregate reduces
such arisk.

A long vibration time for lightweight aggregate concrete, unlike
normal weight concrete, does not cause concentration of cement paste or
cement mortar on the top surface. Instead, the coarse aggregate particles
have atendency to rise and may leave the concrete creating aloose layer of
lightweight aggregate. The driving force is the difference between the
particledensity of the particlesand the cement pasteincluding entrained air
voids. Therate of movement is given by the Stokes' formulafor spherical
particles:

Eq. (1) v=2r2Ap g/9n (m/s)

the radius of the particle (m)

the difference between the particle density and
surrounding medium, cement paste or mortar (kg/mq)

where r
Ap

g = acceleration due to gravity (m/s?) and
n = viscosity (dynamic) of the cement paste (NS/m?)
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Inthe formula, it is shown that the size of the particlesisraised to
the second power and larger particles move faster than smaller ones. This
effect will continue to exist until the concrete reaches its fina set or,
accordingtotheformulaabove, until theviscosity increasesto asufficiently
highvalue. Thevisiblelightweight aggregate particleson the upper surface
areaparticular characteristic of thistypeof concretewhichrequiresspecial
consideration during finishing. Power floating at the proper time adjusted
to the setting of the concrete may produce a smooth finish of high quality.

The object of curing isto achieve a concrete that hardensin such
away that all therequired specificationswill be met. The external climatic
conditions, the concrete composition, and the properties of components
influence strength development and other important durability properties.
The surrounding temperature and moisture condition, as well as the heat
insul ation of theformwork, play asignificant roleintheearly hydrationand
hardening. Normally, ahigh cement content, lower specific heat, and lower
thermal conductivity than normal concrete will accelerate the exothermic
heat development and the temperature in the concrete. Inside amonolithic
structure, the temperature can reach much higher values than normal
concrete. To reduce the heat devel opment and the temperaturerise, part of
the portland cement should be replaced with ground-granulated furnace
slag, pozzolan, or fly ash.

6.0 TESTING OF LWAC RELATED TO
PRODUCTION

6.1 Density of the Fresh Concrete

Repeated testing of the density of the lightweight aggregate con-
cretein connection withthe mixingisalmost mandatory during continuous
production, aswell as at the start of anew production, new material, and a
new concrete mix. Includedinthe density testsof the hardened concreteare
several characteristics:

e Thedensity of standard stored concrete specimens at the
time of testing for strength.

» Thedensity insitu of air-dried concrete or at equilibrium
with the surrounding climate.

e Theoven-dried density, temperature 105°C.



Section 6.0 - Testing of LWAC Related to Production 129

The fresh density and oven-dried density are specific and easily
reproducible, and are unambiguous. Air-dried concrete varies with atmo-
spheric conditions and will be different from place to place. This density,
however, is the value the structural designer needs for calculation of the
dead load of the structure. The air-dried density can be adopted based
on the cement content, water/cement ratio, content of lightweight aggre-
gate, and known isotherms for cement paste and lightweight aggregate at
fixed relative humidity of air in the surroundings of the concrete
structure concerned. Thefinal air density equatesto theoven-dried density
plus 60-90 kg/m® depending on the cement content of the concrete. It is
difficult to change the characteristic densities of the available lightweight
aggregate concrete. It should betheduty of thedesigner todesignwithinthe
limits of the materials available.

6.2  Workability

Workability testing should be carried out in the normal manner by
slump test or, rather, flow tabletest. The slump test tendsto underestimate
theworkability because of thelower density and lessforcefor deformation.
Theflow tabletest isbetter suited to lightweight aggregate concreteand for
flows of over 400 mm up to a maximum of 700 mm. The workability of
lightweight aggregate concrete for pumping needs a value of flow that is
higher than 600 mm. It isimpossible in the beginning to visually judgethe
mix appearance but, after training, it may be possibleto develop an eyefor
evaluating the workability of fresh concrete.

6.3  Strength Test and In Situ Testing

Thesametestsapply to lightwei ght aggregate concrete and normal
weight concrete. Both cube and cylinder are well suited for compressive
and splitting tensile strength for early, aswell as for 28 days, strength.

Theearly strength, for example, 1 day relative to 28 day compres-
sive strength, will definitely be higher for lightweight aggregate concrete
than for normal concrete. The explanation of that istheinfluencethelower
strength of the lightweight aggregate particles has on the devel opment of
the strength of concrete. The strength class of lightweight aggregate
concreteisbased onthe 28 daysstrength. Theform stripping can, however,
be performed earlier than usual and may have a positive effect on the cost
of construction.
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Themost reliabletest method for compressivestrengthisaninsitu
test of cores drilled from the concrete structure. There are nondestructive
methods such as the Schmidt Hammer, impact test, and ultrasonic test
which must be used or combined with some caution. The lightweight
aggregate particles are easily crushed by an impact test.

7.0 CONCLUDING REMARKS

The only difference between lightweight aggregate concrete and
the normal weight concrete is the type of the aggregate. Natural rock
mineral particles in normal concrete are replaced by porous aggregate
particlesof different origin and size. By thisreplacement, many properties
are changed which influence the whole production of lightweight aggre-
gate concretes.

For the production and use of LWAC, basic information about the
properties of the lightweight aggregate and the use of a suitable test
procedure for the aggregate material, as well as for the concrete, are
important. It isnecessary to understand the whole behavior of thefresh, as
well as the hardened concrete, in order to select and find the optimal
proportion of the constituents for a specific purpose.
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1.0 INTERFACES IN CONCRETE

Concrete is a composite material consisting of relatively inert
aggregateparticles, withawidesizedistribution and variablemineral ogical
composition, embedded in a matrix of hydrated cement paste (hcp). The
hardened matrix itself isderived from hydration reactionsbetween portland
cement and water. However, in addition to portland cement, water, and
aggregates, modern concretes generally contain at least some of the
following additional ingredients:

e Chemica admixtures.

» Pozzolanic materials, such as fly ash, silica fumes, or
blast furnace slag.

» Discontinuous fibers, made of steel, glass, or natural,
synthetic, or organic materials, which are used in fiber-
reinforced concrete.

In addition, structural concrete isamost invariably reinforced with steel-
reinforcing bars or prestressed cables.

131
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The presence of these materials give rise to a wide variety of
interfaces in concrete. The principal ones are listed below.

1. The various phases that make up hcp.
2. The hcp and the still-unhydrated cement grains.

3. The hcp and the unreacted portion of the pozzolanic
materials.

The hcp and the aggregate.
The hep (or mortar) and the discontinuous fibers.
The hcp (or concrete) and the steel reinforcement.

Thesolid phasesand either air or water, whichwill not be
considered further in this review since they do not con-
tribute directly to the mechanical behavior.

N o g &

1.1 The Nature of the Interfacial Regions in Concrete

Thebondsin the cementitious composite systems are the outcome
of the combination of different mechanisms, such asvander Waal’ sforces,
hydrogen bonds, and possibly chemical bonds. The nature of these mecha-
nismsvariesfrom system to system depending upon the chemical nature of
the raw materials, the hydration conditions, etc. Mehta g1 observations
with regards to hcp are asfollows:

“Theintrinsic nature of the bonding forces, both between
the several hydration products, and within each remains
variable and therefore indeterminate.”

Scrivener and Pratt!? reported:
“The relative movement of the sand and cement grains
during mixing, and possibly settling of the sand grains
before the cement paste sets, may lead to regions of low
paste density around the sand grains and to areas of
localized bleeding at the interface in which large CH
crystals precipitate.”

It seems likely that, during the preparation and handling of con-
crete, artifactsaredevel oped that influencetheresults. Thisistheroot cause
for the disagreement about the precise nature of the interfacial regions or
their mechanical properties. Nevertheless, it is clear that the interfacial
regionsare, in general, profoundly different from the“bulk” cement paste,
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in terms of morphology, composition, and density. There are generally
largecrystalsintheinterfacial zone, withapreferential orientation. But this
should not be taken as the inherent property of interfaces, more likely it
occurs because there is extra space at the interface due to the bleeding of
water.

Many models of interfacial zones have been presented which vary
from each other. A few of these models are shown in Fig. 6.1. Besidesthe
other differences, itisshownthat thethicknessof theinterfacial zonevaries
from 40to 50 um, withthemajor differencesfrom the bulk paste occurring
within the first 20 or 50 um from the physical interface. Moreover, the
weakest part of thisinterfacial zoneliesnot right at the physical interface,
but 5 to 10 um away from it, within the paste fraction.

Bulk Paste
Interfacial Region (Type | Cement)
e P,
CH C-S-H

Gel
(C-S-H) Part
Film Icles

Nonreactivel
Aggregate

v

Aggregate

~ Transition  ° Bulk Cement

Figure 6.1. (a) Diagrammatic representation of the transition zone and bulk paste in
concrete,!! (b) interfacial region formed between a non reactive silica substrate and type
| cement paste,l¥! (c) interfacial zone at the steel fiber interface.[*]
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Traditionally, it was assumed that the interfacial regions occupy
only asmall volume in concrete and, therefore, the properties of the bulk
paste dominate concrete behavior. But a careful microscopic examination
of the polished surfaces has reveaded that the mean spacing between
aggregate particlesis only 75 to 100 um.[® Even though the variability is
large, thissuggeststhat, with aninterfacial zonethicknessequaling 50 um,
most of the hcp liesin theinterfacial zone. Only arelatively small volume
of bulk hcp exists.

1.2 Cement-Aggregate Bond

It is generally agreed that the interface between the hcp and the
aggregateisthe®weak link” inconcrete. Thereareanumber of observations
that contribute to this belief:

1. The cement aggregate interfacial zone has an open mor-
phology compared to the bulk hcp.

2. Theinterfacial zonecontainslargecrystalsof portlandite,
Ca(OH),, preferentially oriented so asto create planes of
weakness.

3. Bleed water often accumulates beneath the larger aggre-
gate particles, creating additional planes of weakness.

M ost microscopic examinations!®ll] have shown that the cracksin
plain concrete propagate preferentially in the interfacial region, generally
afew micrometersaway fromtheaggregate surfacesthemsel ves. However,
whether the cracksinitiatein thisregion, or at flawsin thebulk paste, isnot
known. The fact that cracks tend to occur in the interfacia region is
consistent with the observationsthat the fracture toughness of theinterface
in regular concrete is considerably lower than that of either the aggregate
or the bulk paste.[Bll¥] Even in the high strength concretes, where both the
paste strength and the interfacial bond strength are presumably higher,
crackstend to follow theinterfacial zone under tensileloading. Generally,
they go through the aggregate particles only at a high loading rate.' In
LWAC, on the other hand, the cracks tend to propagate in a straight line
right through the aggregate particlesin the crack path. Thisindicatesthat,
inthiscase, the aggregatesthemsel ves are weaker than either the hcp or the
interfacial regions.
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Most studies of cement aggregate bond strength in tension, com-
pression, or bending have shownthat increasing thebond strengthincreases
the concrete strength, but these increases tend to be moderate, in the range
of 20t0 40% at best ingoing from “no bond” to* perfect bond.” Apparently
anincreaseinbond strength will improvethetensilestrength morethan the
compressive strengthl though this difference is not large. One simple
relationship between bond strength and either compressive or flexural
strength was devel oped by Alexander and Toplin,[*? based on aregression
analysis of the data then available to them. It has the form

Eq. (1) 6=by +b,;M, + b, M,

where o concrete strength in compression or flexure

bo, by, b, = linear regression coefficients
480, 2.08, 1.02, respectively, for compression
290, 0.318, 0.162, respectively, for flexure
M; = modulus of rupture of the paste
M, = modulus of rupture of the aggregate-cement border

A plot of this equation is shown in Fig. 6.2. For the “no bond”
situation, M, wasequal to zero, for “perfect bond,” M, was set equal to M;.
Asmay be seen, even upper and lower-bound cases are not very different.
Moreover, a change in the flexural strength of the hcp has about twice as
much effect on concrete strength as does a change in the bond strength.

Thereareanumber of practical waysinwhichthebond betweenthe
hcp and the aggregate can be improved. It has been found that addition of
silica fumes densifies the interfacial region and improves the cement
aggregate bond. The improvement in bond strength is attributed to:

» Less free water (i.e., bleeding water) at the interface
during specimen preparation.
* A reduction in the size of the transition zone due to the
pozzolani creaction between Ca(OH), andthesilicafume,
and thus, a reduction in the preferred orientation of the
Ca(OH), crystals.[*3
Thewall effect also resultsin higher porosity inthe contact zone compared
to the bulk cement paste.
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Figure6.2. Effect of cement-aggregate bond strength on the compressive strength (o) and
flexural strength (o;) of concrete.*

1.3 Lightweight Aggregate-Cement Paste Interface

The interface is characterized by a mechanical interlocking in
combination with a chemical interaction in the form of a pozzolanic
reaction. The lightweight aggregates have a porous surface. Due to this,
some part of the binder will penetrate into the aggregate, which will
subsequently decrease the internal bleeding water zone. The phenomenon
of surface bleeding in freshly placed concreteisdueto ahigh permeability
of unhydrated cement paste. A natural consequence of this phenomenonis
laitence, which consists of ahighly porous and weak film of mortar onthe
surface of hardened concrete. The phenomenon of internal bleeding isnot
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well known. Itisillustrated in Fig. 6.3.1% Theinternal bleed water iswater
that has not been able to reach the surface, therefore, it accumul ates under
coarse aggregate in concrete. Like the surface bleed water, the internal
bleed water may contain fine particles of sand and cement, and givesrise
to a porous cement paste matrix at the aggregate surface, a phenomenon
similar to the surface laitence.

Visible
Bleed
Water
| %
Internal 1 /
Bleed P
Water

B
g

/({ M-Z.@\,%:éi
&

£

Figure 6.3. Schematic representation of bleeding in freshly-placed concrete.!'

Surface bleeding and internal bleeding are closely interrelated in
the sense that the factorsinfluencing the former seem to affect the latter in
the same manner. When the aggregates are porous or are of a pozzolanic
character, asinthe case of thelightweight aggregate (expanded clay, shale,
etc.), or when the mineral admixtures are incorporated in the mix, the
internal bleed water areawill decrease. Figure 6.4 illustrates schematically
how the presence of fine mineral admixture particles (0.1 um diameter)
between two cement grains would effectively reduce the size of the
channelsflow, thusconsiderably lowering the permeability and bleedingin
afreshly-placed concrete. Inadditiontothis, thechemical interaction of the
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mineral admixture part of the bleed water will moveinto the porous LWA.
It will further decreasetheinterfacial transition zone (ITZ). Itisillustrated
in Fig. 6.5. The bond between the aggregates will not be on the surface of
the aggregates, asin the case of stone aggregates in regular concrete, but
will move further inside the lightweight aggregate.

NO MINERAL ADMIXTURES
MINERAL ADMIXTURES PRESENT

Surface [FEEPEEITICET

R ST b T TN

= SUSPENSION Ol K
Bleeding + PARTICLES IN WATER =

I dealized representation of freshly compacted concrete,
showing surface bleeding and internal bleeding effects

CH Aggregate

Film

Transition
Zone

Bulk
Cement
Paste

Idealized representation of the Transition Zonein
Hardened Concrete

Figure6.4. Schematic diagram representing reductioninthesizeand porosity of transition
zone by addition of pozzolanic material [

Fume
Particles

Figure 6.5. Schematic diagram representing blockage in channels of fluid flow by fine
particles.[*9]
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2.0 PORE STRUCTURE OF LIGHTWEIGHT
AGGREGATE

Lightweight aggregates are porous and have the ability to suction,
S0 it is necessary to look into the pore structure of the aggregates itself.
Therearetwo typesof poresinthelightweight aggregates: open and closed
pores. Open pores arethe poresthat areinterconnected and take part inthe
permesation, whereas the closed pores are sealed and not interconnected.
Thus, they do not takepart inthe permeation. Thetotal porosity of amaterial
is the sum of the closed and open pores, whereas the permeability will
depend only upon the interconnected pores. The simple way to assess the
interconnectivity of the poresis by measuring the water absorption prop-
erty.

2.1  Water Absorption

The connectivity of the pores in the aggregate is determined by
immersing the aggregates in water for 24 hours and later completely
saturating them under vacuum. The difference between the water absorp-
tion thus measured will indicate the fraction of non-interconnected pores.
Sarkar, et al.,1'% have tested four LWA: Swedish Leca™, and Liapor™ 5,
6, and 8 of German origin. The particledensitiesof Liapor™ 5, 6, and 8 are
1000, 1080, and 1437 kg/mq, respectively. It is reported that the water
absorption was highest in the case of Liapor™ 8 and lowest in Swedish
Leca™ (see Table 6.1), which implies that the Swedish Leca™ is least
permeabl e and has lessinterconnected pores. Itsinterconnectivity is 46%,
Liapor™ 8 hasvery few closed pores, and interconnectivity iscal culated at
97%, thus, very few poresin Liapor™ 8 are completely sealed.

Sinteredfly ash aggregates, L ytag™, have shownwater absorption
intherangeof 13-14% according to Swamy and L ambert,!*”] Bolendran(®!
and Teychene.'¥ |t isfurther reported that the Lytag™ absorbswater very
rapidly inthe beginning. It slowsdown later, but continuesfor along time.
It can be as long as several months. Zhang and Gjorv,1?% who have also
found open pores in German Liapor™, Norwegian Leca™, and UK
Lytag™ aggregates, concluded from porosimetry measurementsthat over
30% of pores are open, and the closed pores represent only 4—7%.



Table6.1. Water Absorption of Lightweight Aggregates 16l

Density of aggr egate
Initial Water Water Inter-
Aggregates | moisture | absorption absor ption connectivity
(% by wt)| (24 h) under vacuum (%) Surfacedried Wet
(kg/m?) (kg/m?)
Sw. Leca™ 0.04 10.2 22.2 46.0 735 836
Liapor™ 5 0.21 16.1 22.6 71.2 911 1072
Liapor™ 6 0.08 17.1 215 79.5 1155 1326
Liapor™ 8 0.69 21.0 21.6 97.2 1535 1745

I nterconnectivity ratio of water absorption after 24 hours and under vacuum. Water absorptioniscal cul ated
on the percentage of dry mass
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Water absorption depends upon the size and type of the pores and
the particle density. Thisisrelated to the degree of vitrification during the
sintering of the aggregate and depends upon the process of production of
LWA. Swedish Leca™ is made when the clay passing through the rotary
kilnisbrokenintotiny piecesby chainsinsidethekiln. Thismakesawell-
compacted dense structure, whereas Liapor™ isformed first in the speci-
fied size and then sintered. Thus, they form a particular structure before
burning, so they are not as dense and have more interconnectivity. The
process of manufacturing of lightweight aggregatesis described in Ch. 2.

During sintering, the vitrification takes place on the surface of the
aggregates where a layer of glassy phase is formed. This layer hinders
further vitrification inside the aggregate. Thus, the structure on the surface
is different from the interior of the aggregate.

For each type of clay, there exists an optimum firing temperature.
At temperaturesabovethisoptimum, recrystallization startswhile, at lower
temperatures, the clay lattice structure may still exist. The typical firing
temperature of lightweight aggregate is 1200°C, where sintering and
devitrification takes place. The aggregates form a dense outer shell. The
density and the thickness of the outer shell of lightweight aggregates may
vary from one particle to another and even from one areato another in the
same particle.

Microscopic study done on the outer surface of Swedish Leca™
and Liapor™, using an optical microscope, has shown adistinct, thick
external shell in the Swedish Leca™, which also appears to be less
permeable (Figs. 6.6a—d).!'®! Thisindicatesthat the outer shell of Swedish
Leca™ is partly responsible for its low water absorption. It was reddish
brown in color with a glassy surface, suggesting iron enrichment. Iron,
beingacatalyst, formsaliquid phaseat lower temperaturesand coolsdown
toaglass. Liapor™ 8, onthe other hand, consistsof anindistinct over-shell
with a number of jagged features. The impermeable shell of Swedish
Leca™ acts as a barrier for rapid capillary suction. Thus, water can enter
theinterior of these aggregates only under pressure, whereas the intercon-
nected cellular structure of the external shell of Liapor™ 8 permitspassage
of water with relative ease. The external surface of Liapor™ 8, however,
exhibits the most angular features, which can promote the formation of a
better bond with the paste matrix.
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Figure6.6. External surface of lightweight aggregates under transmitted-light polarizing
microscope: (a) Swedish Leca™, (b) Liapor™ 5, (c) Liapor™ 6, (d) Liapor™ 8.[16

3.0 MICROSTRUCTURE OF THE
INTERFACIAL TRANSITION ZONE

Microstructureisusually studied using a scanning el ectron micro-
scope with an energy dispersive x-ray analysis system. But Scrivener and
Prattl?] have shownthat, from abackscattered el ectronimage (BSEI) of the
polished section of cement paste, it ispossibletoidentify four components
of the microstructure: anhydrous material, massive calcium hydroxide,
other hydration products, and pores. Zhang and Gjérvi?? have studied the
microstructurein the 1 TZ using acombination of microscopic analysisand
backscattered electron image. The elemental x-ray dot maps of Caand Si
in conjunction with the BSEI from the same area provided a basis for
distinguishing the aggregate phase (Si-rich) from the cement paste (Ca-
rich). The composition of the LWAC used for thisstudy isshownin Table
6.2.
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Table 6.2. Mix Proportion of LWA Concretel?l

- ¢ c ) Agore- Wat WiC Particle
ype o emen ater ;
No-| Aggregate | (g) | € | T(g) | fest | DSy
(9) g/lcm
1 | Liapor™ 8 600 274 202 0.3 1.37
2 | Liapor™ 7 600 250 203 0.3 1.25
3 | Liapor™ 6 600 214 206 0.3 1.07
4 | H.S.S Leca™ 600 260 211 0.3 1.30
5 | Lytag™ 600 288 217 0.3 1.44
H.S.S.Leca™ - high strength Swedish Leca™.

Oxide Composition of Cement Used. SIO, = 22.2%, Al,O; =
3.74%, Fe,05= 2.75%, CaO = 63.90%, MgO = 1.97%, SO, = 3.11%, K,O
= 0.64%, Na,O = 0.26%, Free lime = 1.32%, Loss on ignition = 0.96%.

Mineral Composition of Cement Used. C;S = 52.7%, C,S =
24,2%, C;A = 5.3%, C,AF = 8.4%.

A portland cement, type Sp 30-4 A, was used which isaspecialy
designed cement for Norwegian offshore concrete structures.

A typical microstructure of theinterfacial zone for acomposite of
alLiapor™ 8 particle and cement pasteisshownin Fig. 6.7. The BSEI and
the elemental x-ray images for the interfacial zone between Liapor™ 8
aggregate and cement pasteisshownin Fig. 6.8. Theareato theleftinthe
pictureisan aggregate and the areato the right is cement paste. The pores
inthe aggregate and intheinterfacial zone (black area) and the unhydrated
cement particles (bright) can be easily distinguished.

The above observation demonstrates that for aLWA, with avery
dense outer shell, the formation of a porous interfacial zone containing
massive Ca(OH), ispossible. Thisisprobably caused by thewall effect and
localized bleeding, since water absorption by the dense shell isminimal.

The microstructure of theinterfacial zone and the Ca, Si and S,
x-ray images for the composite of Liapor™ 7, Liapor™ 6, high strength
Leca™, Lytag™, and cement paste are shown in Figs. 6.9-6.16, respec-
tively. In al the composite specimens, the cement paste and lightweight
particles are well-bonded and almost no Ca(OH),-rich zone was observed
near the aggregate particles. In some areas, where the aggregate was very
porous, the cal cium and sulfate penetrated thelightweight aggregate. Inthe
isolated areawhere the aggregate waslocally dense (Liapor™ 7, Fig. 6.9),
arelatively porous interface zone is observed.
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Figure 6.7. Microstructure of the interfacial zone between Liapor™ 8 aggregate and
cement paste (200x).[22

Ca

Figure6.8. BSEI and elemental x-ray imagesfor theinterfacial zone between Liapor™ 8
aggregate and cement paste.[?Z
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Figure 6.9. Microstructure of the interfacial zone between Liapor™ 7 aggregate and
cement paste (200x).[22

Ca

Figure 6.10. BSEI and elemental x-ray images for the interfacial zone between Liapor™
7 aggregate and cement paste.[?Z
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Figure 6.11. Microstructure of the interfacial zone between Liapor™ 6 aggregate and
cement paste (200x).122

Ca

Figure 6.12. BSEI and elemental x-ray images for the interfacial zone between Liapor™
6 aggregate and cement paste.[?Z
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Figure6.13. Microstructureof theinterfacial zonebetween high strength Leca™ aggregate
and cement paste (200x).[22

Ca

Figure 6.14. BSEl and elemental x-ray images for the interfacial zone between high
strength Leca™ aggregate and cement paste.[??
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Figure6.15. Microstructureof theinterfacial zonebetween Lytag™ aggregateand cement
paste (200x).124

Ca

Figure 6.16. BSEI and elemental x-ray images for the interfacial zone between Lytag™
aggregate and cement paste.[?Z
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For thelightwei ght aggregatewithout adenseouter shell (Lytag™),
the cement paste may penetratethe surface pores, thereby providing agood
mechanical interlocking after hardening between the aggregate and paste.

Thedistinct differencein microstructure of theinterfacial zonefor
Liapor™ 8 and the other aggregates (Liapor™ 7, Liapor™ 6, high strength
Leca™, and Lytag™, Figs. 6.9-6.16) demonstrates the effect of the dense
outer shell of the lightweight aggregate. As discussed earlier, the density
and thickness of the outer layer of LWA may vary from one particle to
another, and even from oneareato another on the same particle. Therefore,
the characteristic microstructure of the interfacial zone may aso vary. It
seems that for the increasing density of the outer layer of the LWA, the
nature of the interfacial transition zone becomes more similar to that
observed for the normal weight concrete aggregate. For more poroustypes
of lightweight aggregates without a dense shell, such as Liapor™ 7,
Ligpor™ 6, high strength Leca™, and Lytag™, a better bond forms
between the paste and aggregate partly due to a better microstructural
zone and partly due to improved mechanical interlocking.

3.1 Microstructure of Old Concrete

The microstructures of some old concrete from the ships have not
shown a distinct boundary between the aggregate and the cement paste.
Instead, new phases develop on the contact point of the aggregate and the
cement paste.

Scanning electron micrographs of concrete from some mature
bridgedeckshaveshownthat the LWAswereextremely well-bonded tothe
cement paste matrix (Figs. 6.17—-6.21) TheconcreteinFigs. 6.17, 6.18, and
6.19isfromthedeck of amorethantwenty year oldbridgeinMaryland. The
concretein Fig. 6.20 isfrom acoretaken from aforty year old lightweight
concrete bridge crossing the Cape Cod Canal in Massachusetts, and the
sampleinFig.6.21isfromacoretakenfromatwelveyear old bridgeinNew
Y ork. Thesemicrographsof the cement pastesuggest achangefromapl ate-
likestructureinthemassof the cement pasteto amore cubic structureat the
aggregate-cement paste interface. Thisinterface layer is 60 um thick and
tendsto contain fewer voids and pores than does the cement paste further
away from the interface.
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Figure6.17. Contact zonebetween expanded aggregate and cement paste, ChesapeakeBay
Bridge. Micrograph width is 500 pm.[23

Figure 6.18. Fracture surface of concrete from the deck of the Chesapeake Bay Bridge;
aggregate is on the top left. Micrograph width is 20 um.[23]
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Figure6.19. Interfacein Fig. 6.18 at higher magnification, shows the dense surface layer
adjacent to the expanded aggregate. Micrograph width is 10 pm.[23

Figure 6.20. Contact zone between expanded aggregate and cement paste from the bridge
deck over Cape Cod Canal, Massachusetts. Micrograph width is 550 pm.[23
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Figure 6.21. Contact zone between expanded aggregate and cement paste from the
Coxsackie Bridge, New Y ork. Micrograph width is 550 pm.[23

When this concrete is subjected to applied stresses or volume
changes, then stress concentration occurs at the weak aggregate-cement
paste interface, leading to the formation of microcracks. In order to
understand the mechanism by whichtheLWA Cimprovestheperformance,
it is necessary to understand how these stress concentrations can be
reduced.

When using expanded clay aggregates, the boundary between the
two porous phases, the aggregate and the mortar, is difficult to identify,
whereas the transition between dense aggregates, gravel, and porous
hydrated cement paste is distinct. Moisture exchange can take place
between the partially saturated lightweight aggregate and the still plastic
mortar phase, thereby reducing the tendency of fresh lightweight concrete
to develop thin films of water at the interface between the aggregate and
cement paste.

Expanded clay aggregate-mortar interaction is both mechanical
and chemical. In other words, the contact layer is not simply an interface
between two substances, it contains new substances that are formed from
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the interaction. The increase in cohesion is due to the chemical reaction
between the products of cement hydration and the alumino-silicates at the
surface of the LWA formed during production at high temperature.

K hokhorinl?4l compared the hardness at and away from the contact
zone for both expanded and dense aggregates. The microhardness of the
mortar fraction outside that zone was considerably greater than the
microhardness of the mortar fraction outside the zone when expanded
aggregates are used.

Khokhorin’s results are summarized as follows:

“Onthewholeone should note that the quality asdefined
by cohesion, density, and strength of the contact zone of
the concretes based upon porous aggregatesisbetter than
that of thecontact zoneof normal concretebased ondense

aggregate.”

3.2  Elastic Compatibility

Cracks are often found at the interface between the aggregate and
the cement paste. But surprisingly enough, in the case of lightweight
aggregate concrete one does not see them. The primary reason for the lack
of bond cracks may be dueto the similarity of elastic stiffness of the LWA
and the remaining mortar fraction. Stress-strain curves of lightweight
aggregate concretes are typically linear to levels approaching 90% of the
failurestrength, indicating therel ative compatibility of theconstituentsand
the reduced occurrences of microcracking. When microcracking is re-
duced, thedisruptive forcesthat are generated due to the freezing of water-
filled cracks will be reduced. Similarly, rapid movement of chloride will
also be limited when microcracking is reduced.

It is important to emphasize that when entrained air is added to
regular weight concrete, itincreasestheel astic mismatch betweenthedense
aggregates and the air-entrained mortar while, in structural LWAC, the
effectisto bring theelastic characterstics of thetwo phasescloser together.
Inordinary concrete, the stiffnessof the aggregateisfromtwo to morethan
six timesthe stiffness of the mortar, whereasin the concretes composed of
structural gradelightweight aggregates, thetwo fractionsare quitesimilar.
Useof alargesized, rigid, dense aggregatein concrete mixtureswith ahigh
air content enlarges the stress concentrations at the interface between the
aggregate and the matrix.
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Goodier analyzed the stresses in and around a spherical inclusion
embedded in an infinite matrix.[?! It shows how the stress concentrations
changeastheconcreteprogressesfromthefresh conditiontoamature, fully
hydrated material. All concretes start with an infinitely stiff inclusion
relative to the matrix with maximum and minimum principal stresses of
2.00 and 0.57 developing when an uniaxial unit compressive stress is
applied.l?®l The maximum compressive stress occurs at the top (pole) and
the bottom of theinclusion when loaded vertically (through the poles) and
the maximum principal tensile stress occurs approximately between the
pole and the equator with the crack propagating out from the surface of the
spherical inclusion.

With mature normal concrete, the stiffness of the cement paste
matrix isabout 50% and less of the stiffness of the aggregate inclusion and
the stress concentrations are reduced to 1.33 and 0.15. With LWAC, the
stiffness of the matrix tendsto match the stiffness of the aggregate and the
stress concentrations become about 1.000 and 0. When the stiffness of the
matrix and the inclusion become equal, the concrete experiences uniform
uniaxial compressive stress and could be expected to have a reasonably
straight stress-strain curveuptofailurewithastress-induced microcracking
occurring only near ultimate strength.

Its practical implication is that the lightweight concrete tends to
havealower permeability to gasesand aggressiveliquidsthan doesregul ar
concretewhen subjected toload. Nishi et al.,[?"] reported that for both fresh
water and sea water test programs, Japanese structural LWAC demon-
strated greater resistance to penetration than the regular weight concrete.
They have suggested that there is probably a formation of a coating layer
of dense cement paste surrounding the particlesof theartificial lightweight
coarse aggregates.

3.3 Pozzolanic Interaction

A lightweight aggregate has a glassy surface, which is formed
during the sintering process. This phase is amorphous, thus potentially
reactive. In general, well sintered clays at high temperature work like
pozzolanic material . Thispozzolanic material interactschemically withthe
calcium hydroxide produced during the hydration of cement. In aRussian
study done by K hokhorin[?4l pozzolanic reactivity of keramzite aggregates
isreported. Scanning electron micrographs reveal ed new chemical forma-
tions at the interfacial zone between the lightweight aggregate and the
matrix. Further, the microhardnesstests of theinterfacial zonebetween the
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lightweight aggregate and the matrix indicated the width of the ITZ to be
approximately 60 um. The microhardness of the matrix withinthe | TZ was
9-15MPawhileoutsideit was6-9 MPa. Thisshowsthat the newly formed
product is hard.

The pozzolanic interactions were also studied by Zhang and
Gjorv,124 who reported that the reaction occurred, but the effect was not so
pronounced. It may be that the concrete was made with avery low water-
to-cement ratio, namely 0.3. Out of this, part of the water might have been
absorbed by the aggregates. The actual water avail ablefor the hydration of
the cement was not enough. This can be one of the reasons for non-
effectiveness of the pozzolanic reaction.

34 Elemental Distribution

Sarkar, et al.,[*% studied the microstructures of LWAC composi-
tions given in Table 6.3 and the cube compressive strength and density in
Table6.4. Zhang and Gj6rvI?3 al so studied themicrostructure, asdescribed
in Sec. 3.0. Though the LWA used in these two cases were the same, there
was differencein the water-to-cement ratio and type of cement. Thewater-
to-cement ratiowasvery low and the cement used wasaspecial cement, one
which is different from the standard portland cement (see Table 6.2).

Zhang and GjorvI?2 claimed the presence of a calcium-enriched
paste-aggregate interfacial zone in some lightweight aggregate concretes,
whereas this zone was i ndi stingui shable from the x-ray mapping that was
done by Sarkar, et al.[1l (See Fig. 6.22.) The aggregates were virtually
devoid of calcium, although its concentration was extremely high in the
pasteregion. Apart from cement hydrate components, calcium dissolution
from the aggregates may have contributed to its high concentration in the
paste region.

Other differences were also noted in the internal structure. For
example, the potassium and iron distribution in the Swedish Leca™ was
uniform (Fig. 6.22a), whereas potassium formed an external rim in the
Liapor™ 5 aggregate (Fig. 6.22b).1*®l Iron in this aggregate, however, was
as evenly distributed in the solid spaces as in the Swedish Leca™. The
Liapor™ 6 concrete showed an unusually dense concentration of both
potassium and sulfur in the paste (Fig. 6.22c). Solubility test results (Table
6.5) confirm a high dissolution rate of these ions from the Liapor™ 6
aggregate compared with the Swedish Leca™. The concrete composition
using Swedish Leca™, Liapor™ 5, and 6 are shown in Table 6.3, no. 3, 6,
and 8, respectively.



Table 6.3. Composition and Slump of Lightweight Aggregate Concretel€l

Aqggregate
No. | Adaregate | o ume(m¥ym?) | Sand | Cement | CSF | BSF | Aqm c|w/c w/gd | SIUmMP
type Aa Bb kg/m® | kg/m® | kg/m3| kg/m?3 mm

1 | Sw.Leca™| 0.167| 0.167 863 400 - - 0.20° 0.44 30
2 | Sw.Leca™ | 0.163] 0.163 851 444 - - 0.63 0.44 170
3 | Sw.Leca™ | 0.192] 0.129 823 444 22 - 0.60" | 0.45/0.42 42
4 | Liagpor™ 5| 0.159] 0.159 838 384 - - 0.30° 0.51 60
5 | Ligpor™5| 0.163| 0.163 826 259 - 109 0.30° | 0.85/0.60 40
6 | Ligpor™5 ([ 0.153] 0.153 804 337 34 - 0.36° | 0.64/0.58 60
7 | Liapor™6 | 0.1719( 0.170 845 342 34 - 0.36° | 0.51/0.46 30
8 | Liapor™ 6 [ 0.1589]| 0.157 804 385 - - 0.30¢ 0.56 160
9 | Ligpor™ 8| 0.178%]| 0.178 873 445 - - 0.40° 0.42 80

a  Size2-6 mm for Swedish Leca™ and 1-4 mm for Liapor™

b Size 4-10 mm for Swedish Leca™ and 4-8 mm for Liapor™

c Adm., Chemical admixture, calculated on the weight of binder (%dry wt)

d W/C=water/cement ratio, W/B = water/binder ratio

e Chemical admixture, lignosul phonate BSF Blast furnace slag

g Liapor™ 5 CSF Condensed silicafume

f Chemical admixture, melamine type




Table 6.4. Compressive Strength and Density of LWA Concrete of the Composition Shown in Table 6.3!1€!

Aggregate Compressive strength M Pa Density

No. type 1day 7 days 28 days kg/m?3
1 Swedish Leca™ 17.2 24.6 26.2 1544
2 Swedish Leca™ 23.6 28.0 329 1567
3 Swedish Leca™ 24.0 29.9 36.4 1619
4 Liapor™ 5 19.6 29.5 34.8 1634
5 Liapor™ 5 13.6 318 38.1 1714
6 Liapor™ 5 131 28.1 35.1 1661
7 Liapor™ 6 185 31.6 42.3 1635
8 Liapor™ 6 18.6 32.8 35.6 1620
9 Liapor™ 8 19.6 37.3 40.6 1619
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Figure6.22. Elemental x-ray mapsof Ca, Al, S, Si, Fe, and K, (a) SwedishLeca™ concrete
composition 3, (b) Liapor™ 5 concretecomposition 6, (c) Liapor™ 6 concretecomposition
8. The composition is given in Table 6.2.116
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Table 6.5. Solubility of Selective lons (mg/litre) of Lightweight Aggre-
gate§16]

Agoregates| Si | Al Fe [ Mg | Ca | Na K SO,

Sw.Leca™ |33 | 17| 01| 04 |610 | 100 | 90| 403
Liapor™5 |34 |1 08| 01 | 0.3 [ 700 | 145 | 58.4 | 385.0
Liapor™6 |33 [ 09| 01| 0.4 [ 660 | 16.8 | 54.7 | 423.6
Liapor™8 |42 | 1.0 | 01 | 0.3 | 530 9.0 | 35.8 | 453.3

The partialy matching patterns of aluminum and silicon distribu-
tion in these aggregates suggest aluminum silicate as one of the mineral
components, whereas iron is either located in silicate minerals or occurs
individually, and its likely composition is hematite. This confirms the
presence of these minerals, which was indicated by XRD. The exact
location of quartz could not be precisely determined from x-ray mapping.
The dark coloration in the external shell may be partly related to optical
isotropism as aresult of the presence of semi-amorphous and amorphous
phases.

Some of the sulfur visible in the x-ray maps of the other concretes
could have resulted from the use of chemical admixtures, which are
sulfonated compounds relatively rich in sulphur. Similar findings were
reported earlier in high strength concrete containing a superplasticizer.[2!
Zhang and Gj6rv, who also reported high concentration, concluded thisto
be due to the ettringite formation. The aluminum distribution, however,
failedto demonstrateapreponderance of aluminum, another major compo-
nent mineral in this zone.

4.0 INTER-RELATION OF MICROSTRUCTURE
AND THE STRENGTH OF LWAC

Strength and microstructures are generally studied separately, and
thereis not much literature showing the dependence of the microstructure
onthestrength of concrete. Sarkar, et al.,!'% studied the microstructure and
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the strength of LWAC of the compostion shown in Table 6.3 and the
strength of therespective concretesshownin Table 6.4, and havecorrel ated
the microstructure to the strength.

Strength of concrete, ingeneral, isrelated toitsmicrostructure, but
thisisnot the only factor responsible for strength development. A number
of other related factors, such as batch composition, dosage, and type of
chemical admixtures, water-to-cement or water-to-binder ratio, porosity,
density, etc., also play dominant roles. Careful microstructural examina-
tion, however, does revea the importance of the external and internal
structure of lightweight aggregates in the development of paste-aggregate
bond, the effect of water-to-cement ratio, and mineral admixtures on the
porosity of paste.

Thetypical fracture surface (Fig. 6.23) of Swedish Leca™ aggre-
gate concrete (composition 3), shows a 1020 um smooth impermeable
external shell of theaggregate, in additionto astrong paste-aggregate bond.
The compactness of the pasteisdueto the use of 5% silicafume by weight,
and low water-to-binder ratio in the concrete. Silicafumeisknown for its
high pozzolanicity and micro-filler action. It contributes to enhancing the
early strength. In the case of Liapor™ 6 (composition 8, Table 6.3), an
intimate bond between the paste and aggregate is evident (Fig. 6.24).

Figure 6.23. The paste aggregate microstructure of Swedish Leca™ aggregate concrete,
(composition 3, Table 6.3) showing the thick impermeable external surface, dense paste
and strong paste-aggregate bond.[16]
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Figure6.24. The strong bond between the rough external surface of Liapor™ 6 aggregate
and paste (composition 8, Table 6.3). The paste is porous.[1!

This agrees with the hypothesis that the rough external surface of
lightweight aggregate can act as an anchor for the paste. The roughness of
the surface can be clearly seenin Fig. 6.25. The porous nature of the paste
is due to the relatively high water-to-cement ratio (0.54). Some ettringite
crystals are devel oped in the vacant spaces of the paste-aggregate interfa-
cia zone (Fig. 6.26).

Figure 6.25. The rough external surface of Liapor™ 6, (composition 8, Table 6.3).16]
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Figure 6.26. Ettringite needlesformed in the paste-aggregate interfacial zone of concrete
with Liapor™ 8, (composition 8, Table 6.3).[1¢

The high interconnectivity and absence of the dense external shell
of theLiapor™ 8 aggregateisseenin Fig. 6.27 (composition 9, Table 6.3).
However, the extremely rough surface of this aggregate helps to form a
much stronger bond, which directly impartshigh strength. The paste of this
concrete, which hasawater-to-cement ratio of 0.42, isnot asporousasthat
of concrete 7.

Figure 6.27. Interlocking nature of paste-aggregate bonding in Liapor™ 8 concrete,
(composition 9, Table 6.3).[28]
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Concrete 6, made with Liapor™ 5, has also shown a strong bond
(Fig. 6.28). The pasteis dense, asin concrete 2, by virtue of its content of
10% by weight of silicafume. Theimpermeabl e shell and rough exterior of
Liapor™ 5 are aso distinctly visible.

Figure 6.28. The paste-aggregate bonding in Liapor™ 5 concrete (composition 6, Table
6.3). The impermeable external shell of the aggregate and the dense paste are also
visible.[8]

4.1 Influence of Water-to-Cement Ratio

Theinfluence of thewater-to-cement ratio or water-to-binder ratio
and particle density of the lightweight aggregate used (Table 6.3) are seen
in concrete 6 and 7. In principle, the strength of the lightweight aggregate
concreteisrelated to the density of concrete. The strength increases when
thedensity increases, assumingthat thelightwei ght aggregate and water-to-
cement ratio isunchanged. Concrete 7 hasgreater strength than concrete 6,
despite the higher density of thelatter. The explanation of thisisthe lower
water/cement ratio in concrete 7, and the higher density of the aggregate.
The particle density of Liapor™ 6is 1052 kg/m? and is higher than that of
Liapor™ 5 which is 897 kg/m®.

Silica fume appears to have little effect on the early strength of
concretes made with aggregates with arough external surface (Liapor™ 5
and 6). Some positive influence on the early strength seems to occur in
mixes containing the Swedish Leca™, which has a smooth surface.



164 Chapter 6 - Lightweight Aggregate Concrete Microstructure

A 30% weight replacement of cement by slag, together with
Liapor™ 5 aggregate, developsalow early strength, but 28 day strengthis
higher than that of some of the other concretesinthe series. Thisisbecause
of thelatent hydraulic propertiesof slag, which hel psto enhancethelateage
strength. Concrete 5 also has a high density.

Oriented calcium hydroxide crystals that are normally present at
the paste-aggregate interface in conventional concrete could not be de-
tectedinthefracture specimensof thelightweight aggregate concretes. One
reason isthat the calcium hydroxide reacts slowing the pozzolanic effect,
and the other is that the water absorption capacity of the lightweight
aggregate lowersthe water content in the paste-aggregate interfacial zone.

5.0 CONCLUDING REMARKS

The microstructure study of lightweight aggregate concretes re-
veals that the paste-aggregate bonding is dependent on the nature of the
external shell of theaggregate. Mechanical interlocking playsanimportant
roleinstrengtheningtheinterface. Absenceof theoriented cal cium hydrox-
ide crystals at the interface is related to the water absorption by the
aggregate. It isdemonstrated that distinct refinement of theinterfacial zone
can be obtained, provided the other factors are optimized.

There is some microstructural evidence of pozzolanic activity of
LWA, whichispossibleduetothechemical reaction. About 10% by weight
addition of silicafume helpsto improve the early strength in some cases,
whereaspositive evidence of thelatent hydraulicity of slagwasnotedinthe
concrete containing 30% by weight of cement replacement.
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Physical Properties of
L ightweight Aggregate
Concrete

1.0 INTRODUCTION

Physical properties are properties of concrete which keep the
integrity of the structure. Strength isthe cardinal property of concrete. Itis
the base property used by the architects for designing structures. In
importance, strengthisclosely followed by density. Lightweight aggregate
concretes are of various types, depending upon the composition of the
mortar matrix and theaggregatesused. Thepropertiesof theaggregatesal so
vary significantly depending upon the raw materials used for making them
and the technique adopted to produce them. When the concrete hardens, it
changesin volume. Thisissignificant for the stability of the structure and
is determined by measuring the length changes over time. The following
physical properties are reviewed in this chapter:

Density and Strength

Elasticity

Shrinkage and Creep

Thermal Conductivity

Abrasion Resistance
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2.0 DENSITY AND STRENGTH

The relationship between the size and strength of LWA made by
heat treatment is a function of compaction and void formation during
burning. The larger pellets are less compacted in their outer layers with
resultant larger voids. Furthermore, the larger the size of the pellets, the
lower the bulk density and, more importantly, the lower the strength of the
aggregate.

In genera, the strength of LWA can be related to the resulting
concrete strength and is often referred to as the “ceiling strength.” A
relationship between the type of aggregate, density and strength of con-
crete, and itsfield of utilization is shown in Fig. 7.1.4

Lightweight and High-density Concretes

I
| Moderate Strength | Structural Concrete
Concrete

Insulating Concrete

Sinter - Strand Expanded Clay
or Shale, Pulverized Fuel Ash,
and Expanded Slag

Rotary kiln Expanded
Clay, Shale, and Slate

Scoria

Pumice
Perlite

Vermiculite

400 600 ~ 800 1000 1200 1400 1500 1800 Ikglm3

Figure 7.1. Typica ranges of densities of concretes made with various lightweight
aggregates.!!

The density and, thereby, the strength of lightweight aggregates
depend upon the raw material used for making them. Even the aggregates
produced from the same raw material, but using different production
techniques, can vary intheir density and strength. Thismakesit difficult to
specify the density of different types of aggregates produced from the
particular raw material. The air-dry particle densities of some of the
lightweight aggregates are givenin Table 7.1.
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Table7.1. Air-Dry Densities (Loose) of Lightweight Aggregates

A teT Air-dry Density
goregate Type kg/m® VT
Clinker 720 - 1040 45 — 65
Sintered pulverized ash 770 — 960 48 — 60
Foamed slag 560 — 960 35 - 60
Expanded clays and slag 320 - 960 20 — 60
Expanded slate 560 — 860 35 - 54
Pumice 480 - 880 30 - 55
Palm oil shell 550 - 650 34 — 45
Diatomite 450 - 800 28 — 50
Wood particles 320 - 480 20 - 30
Expanded perlite 80 - 120 5-20
Expanded vermiculite 60 - 160 4 - 10

Apartfromthedensity of theaggregates, thedensity of theconcrete
al sodependsuponthegrading of theaggregates, their moisturecontent, mix
proportions, cement content, water-to-binder ratio, chemical and minera
admixtures, etc. Besides the material, it also depends upon the method of
compaction, curing conditions, etc. Usually the low density concretes are
suitableonly for non— oad-bearing applications, such aspartitions, screeds,
andfor insulating purposes, whereascompacted lightweight concreteswith
densitiesvarying from 1550 to 1850 kg/m?3 (85 to 115 Ib/ft%) can usually be
reinforced or prestressed and used in load-bearing structures. Lightweight
concretes with intermediate densities varying from 800 to 1350 kg/m? (50
to 851 b/ft3) areextensively usedin precast blockwork for |oad-bearing and
heat-insulating walls.

Insulating building blocks are made with low strength aggregates.
One example is Maplelite building blocks produced with pumice aggre-
gates. The standard block hasan average compressive strength of 3.5MPa,
but can be manufactured with strengthsup to 7.0 MPa. Theaveragedensity
of the Maplelite block is 978 kg/m? at 3% moisture content, with oven-dry
density at 950 kg/m?®. Thermal conductivity of these blocksis0.20 W/mK
at 3% moisture content.
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Different classes of lightweight aggregate concretes have been
developed at the Chalmers University of Technology, division of Building
Materials, with the densities varying from 800 to 1300 kg/m? and the
compressive strengths varying between 7.3 MPa and 25.5 MPa.[d-14
Structural lightweight aggregate concrete was also developed having a
density of 1650 kg/m3and strength up to 45 MPa.

Properties of the lightweight aggregate concretes are discussed
hereincomparisonto normal weight concrete, K40, having acubecompres-
sive strength of 40 MPa. Compositions of these lightweight aggregate
concretesare shownin Table7.2. The concretes of series X are madeusing
pumice and polystyrene aggregates and 3L concrete is made using ex-
panded clay aggregate, Swedish Leca™. Specifications for the material
used are listed.

Table 7.2. Composition of Lightweight Aggregate Concretel®!

i Concrete Type*
Ingredients
K40 XL XT XB 3L

Cement 399 270 | 310 | 300 342
Water 184 133 | 156 | 149 176
CEMOS 0 3 3 3 3
Fine aggregates: 0-8 mm | 988 0 0 0 0
Stones: 8-16 mm 749 0 0 0 0
Sand: 0-2 mm 0 184 | 246 | 257 422
Leca™: 24 mm 0 0 0 0 241
Leca™: 4-8 mm 0 0 0 0 165
Pumice 0 483 | 538 | 435 0
Polystyrene 0 7 4 5 0

* The values shown are in kg/md.

e Cement used was ordinary portland cement supplied by
Cementa AB, Slite, Sweden.
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* Sand: 04 mm
» Lightweight aggregates.

Expanded polystyrene beads, 0.5-2 mm, delivered by
Brannebruna AB. The density of the polystyrene beads
was 50 kg/m3.

Pumice aggregates, 2-19 mm, were wet sieved. The
aggregates were left for 3 days, and the moistureratio at
casting was 50-80%.

Leca™, 2-4 mm, and Leca™, 4-8 mm, expanded clay
aggregatessupplied by Swedish Leca™ AB. Theparticle
density of the aggregates of morethan 2 mm sizewas 700
kg/m?3.

Normal aggregates used were fine aggregates, 0-8 mm,
and stones of 8-16 mm size.

 CEMOS: a chemical admixture supplied by BOFORS
AB. Sweden.

Lightweight aggregates do not mix homogeneously. Thisproblem
was solved by using avery specia chemical admixture, “CEMOS.” Itisan
asphalt-modified acrylic polymer dispersion. It worksasadispersing agent,
water reducer, and hydrophobing material. The densities and the compres-
sive strengths of these concretes are shown in Table 7.3 at different ages.
Thedensity, strength, thermal conductivity, and drying shrinkage of some
of the concretesmade with vermiculite and perlite aggregates are shownin
Table 7.4. The density, strength, and modulus of elasticity of some of the
concretes made with various types of aggregates are shown in Table 7.5.
The strength of concrete is not related only to its density, it is related to
factorslikethestrength of themortar matrix, strength of theaggregates, and
the bond between the aggregates and the matrix. Further, it is noticed that
the general concept, “More cement produces higher strength concrete,”
does not hold true. For example, in the use of foamed slag, with a cement
content of 740kg/m?, concreteof 31.5 M Pastrength and 2000 kg/m? density
was produced, whereas, in the case of Solite™ aggregates, 540 kg/m®
cement has produced a concrete of 42.0 MPawith adensity of only 1650
kg/md, i.e., aconcrete with about 40% | ess cement, which reducesthe cost.
Further, it lowers the density by 20% and produces a concrete with 25%
higher strength with alarger volume of concrete, which will further reduce
the cost.
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Table7.3. Density (D in kg/m3) and Compressive Strength of Concrete

(Sin MPa)l4

Concrete 1 Day 7 Days 28 Days 180 Days
Type D S| D S D S D S
XL 1080 18| 960 | 55| 870 7.8 | 820 74
XB 1200 33|1100 | 7.7 |1015| 96| 940 | 117
XT 1255 291160 | 83| 1050 [ 10.7 | 955 | 115
3L 1350 | 10.7 | 1350 (21.8 | 1360 | 25.4 | 1300 | 27.0
K40 2320 | 15.3 (2330 |36.2 | 2335 | 46.4 (2250 | 52.4
Thermal conductivity of X-concrete at 105°C is 16 W/mK.

Table 7.4. Some of the Typical Properties of Insulating Lightweight

Aggregate Concretel
_ Minimum .
Cement: Air-dry 28 day Thermal Drylng
Aggregate | Aggregate Density Cube Conduct- | Shrink-
Type (by kg/m® | Strength ivity age
volume) M Pa W/mK %
. 1:8 400 0.70 0.094 0.35
Vermi- 1:6 480 0.95 to to
culite 1:4 560 1.23 0158 | 045
1.7 400 1.40
_ 1:6 480 2.17 0098 | 014
Perlite 15 560 343 to to
1:4 640 4.83 0155 | 020




Table 7.5. Some of the Typical Properties of Lightweight Aggregate Concretel®

Quantity per m® of Concrete . Min. 28 Modulus
Air-dry
Aggregate Density Day, Cube of
A t ici
Type Cement ggregates kg/m3 Strength Elast2|C|ty ]
) ; MPa N/mm”~ x 10
Fine Medium | Coarse
310 0.65 — 0.65 1000 7
370 0.65 — 0.65 1200 10.5 0.011
Leca™ 460 0.6 0.6 — 1300 16 to
360 0.4 — 0.8 1350 14 0.018
360 0.45 — — 1500 16
300 0.7 0.7 — 1600 21 0.014
Aglite™ 440 0.65 0.7 — 1650 26.5 to
480 0.65 0.7 — 1700 31.5 0.018
390 0.65 — 0.8 1600 21
. 450 0.6 _ 0.8 1600 28 0.011
Solite™ to
490 0.6 — 0.8 1650 35 0.018
540 0.6 — 0.8 1650 42




Table7.5. (Cont’d.)

Quantity per m® of Concrete Air-dry Min. 28 Modulus
Aggregate Aggregates Densit Day, Cube of
Type | Cement . . Y | Strength Elasticity
Fine | Medium | Coarse | kg/m MPa N/mm? x 10°
320 0.57 — 0.73 1600 21 0.014
Lytag™ 380 0.49 — 0.77 1700 26 to
480 0.41 — 0.78 1800 315 0.018
- g 470 0.73 — 0.73 1800 16 0.014
came 500 0.76 — 0.69 1900 21 to
slag
740 0.52 — 0.52 2000 315 0.021
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Theinterrelation of compressive strength with the water-to-binder
ratio, density, and age of the specimen is shown in Figs. 7.2—-7.7. The
propertiesof theaggregatesused in thisstudy areshownin Table 7.6.1¢ For
good comparison, dry aggregates were used in al the batches.
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Table 7.6. The Properties of the Aggregates Used!®!

) Particle W ater
Fine Aggregate Producer Particle Aggregate Density, Absor ption,
Geometry Size kg/m? M %

1 Natura sand rounded 0/2 2.63 0

2 Natura sand + Liapor™, 0/2 0/4 263 15 4.8

each 50% by volume

3 Expanded shae Uloper crushed 0/2 2/4 1.7 14 6.2
4 Expanded clay Liapor™ crushed 0/4 15 4.8
5 Expanded clay Leca™ rounded 0/2 13 4.7
6 Expanded clay Embra rounded 0/4 0.79 4.6
7 Expanded glass Liaver rounded 0.25/0.5/1/2/4 0.54-0.29 4.4
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Theworkability and compressivestrength of thelightweight aggre-
gateconcretemadewith palmoil shellsisaffected by the proportion of palm
oil shells and the water-to-cement ratio. The 28 day cube compressive
strengths vary between 5.0-19.5 MPa.

Variations in workability and compressive strength values of the
lightweight concretewith different proportionsof palm oil shells, sand, and
water-to-cement ratios are shown in Figs. 7.8 (a, b, and c). These dataare
summarized in Table 7.7.

The replacement of natural sand by lightweight fine aggregates
reduces the compressive strength of the matrix (Fig. 7.2). The loss of
strengthismore pronounced with the decreasing density of thematrix (Fig.
7.3). Simultaneously, the influence of the effective water-to-binder ratio
becomes more significant in the case of amatrix of alower density.

The gainin strength with decreasing water/binder ratiois reduced
withadecreasing density of thefineaggregate (Fig. 7.2). Hence, thelighter
or rather weaker aggregates reduce the beneficial effect of the stronger
cement paste. This finding is comparable to the known relationship be-
tween the compressive strength of the matrix and the LWAC. Finally, the
influence of the cement grade on the matrix strength is reduced with the
decreasing density of the fine aggregate.
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Table 7.7. Workability and Compressive Strength with Different Propor-
tions of Palm Oil Shells”]

Air-dry [Compressive Strength,
Density, MPa
kg/m® 7 days 28 days

Slump,
mm

Mix Proportion*

1:1.5:0.5-1.0/0.6 2000 |1890-1725 | 10.0-2.5 | 15.0-5.5
1:2.0:0.5-1.0/0.6 230-5 |[1930-1780 | 8.0-2.0 11.5-5.0
1:2.5:0.3-0.75/0.6 | 260-10 |1985-1895 | 9.5-5.5 15.5-8.0
1:1.25-2.5:0.6/0.6 | 11560 |1905-1935 | 7.0-8.0 | 11.0-115
1:2.0:0.6/0.40-0.85| 0-260 |2050-1840 | 16.50 20.50

* Mix proportion—cement:sand:palm oil shells/water-to-cement ratio.

The development of the matrix compressive strength over timeis
faster, or equal in case of lightweight fine aggregates, in comparison to
natural sand (Fig. 7.4). Particularly fine aggregate with a low particle
density prevents asignificant strain gain after afew days of placing. This
result can be explained with the help of Fig. 7.2. The matrix with weak
aggregates almost reaches the ceiling strength even with a high water-to-
binder ratio.

The influence of the specimen shape on the compressive strength
of different matricesisshowninFig. 7.5. Therating was done on the basis
of prisms.

Test specimenswith the greatest dependence on shape were found
in the case of the mixed fine aggregates (50 vol% each of natural sand and
expanded clay fine aggregate). The selection of two aggregates with
different stiffnesses seems to support the formation of microcracking,
which makesthe lateral expansion restrain dueto the loading plates of the
testing machine more effective.

Thetensile strength of the matrix depends on the same parameters
as the compressive strength. Therefore, a strong relationship between the
tensile and compressive strength is expected. It isconfirmed by the results
presented in Figs. 7.6 and 7.7. The relationship isindependent of the type
of fine aggregate.



182 Chapter 7 - Physical Properties of LWAC

Thecompressivestrength and theworkability of lightweight aggre-
gate concrete depend upon the proportion of aggregates, sand, and the
water-to-binder ratio. This effect wasillustrated by Abdullah” for light-
weight aggregate concrete made with the addition of palm oil shells.

The mix proportion, density, and compressive strength of the
concrete made with palm oil shells are shown in Table 7.7. It is seen that
increase in the proportion of palm oil shells substantially decreases the
slump, but not as much as compressive strength (Fig. 7.8a).

An increase in the proportion of sand decreases the slump, how-
ever, thedecreaseisnot substantial. The compressive strength, onthe other
hand, increases, but the increase is not significant (Fig. 7.8b). The water-
to-cement ratio has a significant influence on both the slump and the
compressive strength. The slump increases and compressive strength
decreases with the increase in the water-to-cement ratio (Fig. 7.8c).

Structural lightweight aggregate concrete was developed by
Berntsson and Chandral® using expanded clay aggregates, Liapor™, and
Swedish Leca™. High strength was achieved with the use of a
superplasticizer and mineral admixture such as condensed silicafume, and
blast furnace slag. The composition of the concrete and the strength
development results are shown in Tables 7.8 and 7.9, 100 mm cubes were
used for strength test.

The composition of the concrete tested was:

Ordinary portland cement 425 kg/m?3

Sand 850 kg/m?®

Swedish Leca™: 26 mm 310 1/m3 (bulk volume)

Swedish Leca™: 4-10 mm 310 |/m3 (bulk volume)

wi/C 0.395

Superplasticizer 1% to the weight of cement

It isalso shown that the density and the strength decrease with an
increase in the amount of lightweight aggregates. Table 7.10 shows the
density after normal curing. The compressive strength shown is after 28
days, both measured aswell ascalculated. A large deviation has been noted
between the measured and calcul ated strength in the case of mortar. With
the addition of a lightweight aggregate, which increases to one third the
volume of the concrete, the compressive strength decreases to almost half

of the mortar strength. The average bulk density of the lightweight aggre-
gate is somewhat lower than 400 kg/m? (390 kg/m?).



Table 7.8. Composition of Structural Lightweight Aggregate Concretel®!

o | Agdoregate || AGIRAC | sang | Cement| CSF, |BSF, | Admix-|  wic | Sump,

Type g = kg/m3 [ kg/m® [ kg/m3|kg/m® | ture® w/B¢ mm
SwedishLeca™ | 0.163 0.167 863 400 — — 0.20¢ 0.44 30
SwedishLeca™ | 0.163 0.163 851 444 — — 0.63f 0.44 170
SwedishLeca™ | 0.192 0.129 823 444 22 — 0.60f 0.45/0.42 42
Liapor™ 5 0.159 0.159 838 384 — — 0.30° 0.51 60
Ligpor™ 5 0.163 0.163 826 259 — 109 0.30° 0.85/0.60 40
Ligpor™ 5 0.163 0.153 804 337 34 — 0.36° | 0.64/0.58 60
Liapor™ 6 0.1719 | 0.170 845 342 34 — 0.36° | 0.51/0.46 30
Liapor™ 6 0.1589 | 0.157 804 385 — — 0.30¢° 0.56 160
Liapor™ 8 0.178% | 0.178 673 445 — — 0.40¢° 0.42 80

Q 0O Qo 0O oY © 00 NO O WDN P

Size 2-6 mm for Swedish Leca™ and 1-4 mm for Liapor™
Size 4-10 mm for Swedish Leca™ and 4-8 mm for Liapor™

Chemical admixture cal culated on the weight of binder (dry wt%)
WI/C = Water-to-cement ratio, W/B= water-to-binder ratio

Chemical admixture, lignosulfonate base

Chemical admixture, melamine base

CSF—Condensed Silica Fume; BSF—Blast Furnace Slag; Liapor™ 5




184 Chapter 7 - Physical Properties of LWAC

Table 7.9. Development of Compressive Strengthl®]

Compressive Strength, )
No. Aqggregate M Pa Density,
Type kg/m3
lday | 7days | 28days
1 Swedish Leca™ 17.2 24.6 26.2 1544
2 Swedish Leca™ 23.6 28.0 32.9 1567
3 Swedish Leca™ 24.0 29.9 36.4 1619
4 Liapor™ 5 19.6 29.5 34.8 1634
5 Liapor™ 5 13.6 31.8 38.1 1714
6 Liapor™ 5 131 28.1 35.1 1661
7 Liapor™ 6 185 31.6 42.3 1635
8 Liapor™ 6 18.6 32.8 35.6 1620
9 Liapor™ 8 19.6 37.3 40.6 1619
The densities mentioned here are after drying at 105°C for cubes
cured for 28 days.

Table 7.10. Density and Strength of Concrete with Different Amounts of
Leca™!@

_ Compressive Strength,*
No. Volumeof | Slump, [Density,* M Pa
Leca™ I/m?| mm | kg/m Measured | Calculated

1 620 35 1660 32.2 32.2

2 464 45 1835 345 38.0

3 310 80 1905 39.3 45.0

4 155 80 2050 50.0 53.0

5 0 — 2265 75.0 64.0

* Density and strength shown are determined after 28 days.
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2.1  High Strength Lightweight Aggregate Concrete
High strength lightweight aggregate concrete can be made in two
ways:

1. By using pozzolanic materialslikecondensedsilicafume

(CSF) together with the cement, and using high-range
water-reducing chemical admixtures.

2. By using high strength lightweight aggregates.

Recently, some special expanded slag aggregates were devel oped
in Russia. These are called Expanded Slag Gravel (ESG) asthey resemble
gravel. With these aggregates, alightweight aggregate concrete having 60
M Pa cube compressive strength can be produced.[®!

Thestructura propertiesof lightweight aggregateconcrete(LWAC)
candiffer significantly fromnormal weight concrete (NC) and depend upon
the type of aggregates used and its characteristics. Some of the properties
of LWAC are described herein relation to NC.

Density. Thedensity of structural LWACvariesfrom 1200to 2000
kg/m® compared with 2300 to 2400 kg/m? for NC. Most properties of
LWAC canberelated to density whichisinfluenced by the cement content,
density of the aggregates, entrained air, moisture content of the aggregates,
and the environmental conditions such as wetting and drying. A relation-
ship between the density and compressive strength of LWAC made with
different aggregates is shown in Fig. 7.9.[10

100

90

80

Compressive cube strength (MPa)

70 1 5 ¢ L —
[+ LWA sand] e, * x
60 'S
50 ,,é_ ® |japor8 O Liapor7 A Leca750
‘ » Leca 800 x Solite @ Lytag
40+ r 1 . T T ' T
1400 1500 1600 1700 1800 1900 2000 2100

Fresh concrete density (kg/m?)

Figure 7.9. Compressive strength versus fresh density for LWA concrete mixtures with
different types of LWA [10]
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Compressive Strength. The compressive strength of LWAC
depends upon anumber of parametersincluding the type of aggregate, the
freewater/cement ratio, thecement content, and theage of theconcrete. The
strength generally increases with increasing aggregate density. The good
aggregate-cement bond and the similarity between the stiffness of the
aggregate and matrix in LWAC result in an efficient mix with a strength
approaching maximum theoretical strength.

Due to the water absorption of lightweight aggregates, the water-
to-cement ratio in LWAC mixesis not directly comparable to NC. How-
ever, the effect of freewater inthe mix issimilar to that in NC. Generally,
the compressive strength reduces as free water increases.

De Pauw, et al.,['I defined different types of water in the light-
weight aggregates, and established a relationship between them. When
working with thelightweight aggregates, thefollowing quantitiesareto be
considered:

W,  Total amount of water in concrete mix.

The amount of water initially present in the aggre-
gate.

W, The amount of water absorbed by the aggregate
during mixing of the concrete.

W; Theamount of water available in the cement paste
when mixing the concrete.

W,q Theamount of water added when mixing the con-
crete.

The following relationships are valid:

Eq- (1) Wtot = Wagg + Wabs + Wfree
and
EQ- (2) Wadd = Wabs + Wfree

In the case of NC for a given workability, compressive strength
increases with cement content. On average, a 10% higher cement content
resultsin a5% higher compressive strength. The enhancement in strength,
however, depends on the specie type of aggregate used.

The compressive strength of LWAC increases with time in a
similar way toNC. However, theincreaseislessaffected by poor curingand
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adry environment. Thereserve of water within the poresof thelightweight
aggregate particles prolongstheinternal curing. The use of silicafumeand
superplasticizersinthemixtureimprovesthe cement paste strength and can
result in compressive strengths of up to 100 MPa.

2.2 Compressive Strength and Absorptive Value of
the Aggregates

Bilodeau, et al.,[*? showed the compressive strength dependence
upon the absorptive val ue of the aggregates. The concretesweremadewith
six different typesof aggregates. The compressivestrength of theconcretes
(batch A) ranged from 50.1 to 67.7 MPaat 28 days, and from 52.4 to 76.0
MPaat 1year (Tables7.11 and 7.12). The concrete made with aggregatel|
reached the highest compressive strength, whereasthe concrete made with
aggregateV showed thelowest val ues. The highest compressive strength of
60 to 65 MPaat 28 dayswas reached with only three of the six lightweight
aggregates. It might have been possibleto obtain that level of strength with
aggregates |11 and VI by slightly modifying the mixture proportions as
indicated by the long-term strength of the concrete made with those two
aggregates. It appearsthat it woul d not havebeen possibletoreach thetarget
strength with the highly-absorptive aggregate V.

Two main factors probably explain thedifferencesin the compres-
sive strength of the concretes:

1. The effective water-to-cement ratio of the mixture.
2. The strength of the coarse lightweight aggregates.

The uncertainty about the effective W/C ratio increases with the increase
in the absorption by the lightweight aggregate, and this explains why the
strength of the concreteis almost afunction of the absorption value of the
lightweight aggregate in this study. The exception to this is the concrete
made with aggregate Il. This concrete shows the highest compressive
strength in spite of the fact that aggregate |l has an absorption value
somewhat equivalent to that of aggregateslIl, IV, and VI, and significantly
higher than that of aggregate . In this case, the main factor controlling the
strength of the concrete was probably the strength of the lightweight
aggregate. Thestrength of theaggregatewaspossibly thelimiting factor for
the maximum strength of the concrete of mixtures4 and 5 which almost did
not show any strength development after 28 days, indicating that the
maximum strength capacity of the aggregates was possibly reached at that
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point. Thislow strengthincreaseover timemay al so depend ontheincrease
of stresses on the lightweight aggregate particles after shrinkage of the
cement paste.

Table 7.11. Mixture Proportion of LWAC!2

AEA P SP.c | Fibers, | Slump,
No. | Batch | LWA® | myms | yme | kgm® | mm
1 A I 85 89 0 90
EF 55 5.0 15 135
2 A [l 55 59 0 190
EF 45 4.5 15 80
3 A " 40 6.2 0 100
EF 45 4.4 15 115
4 A v 40 5.8 0 140
5 A Vv 40 3.3 0 170
6 A Y, 165 7.0 0 145
a LWA - lightweight aggregate
b  AEA - air-entraining agent
c  SP-superplasticizer

Table 7.12. Physical Properties of Concretel'2

Air, | Density, Compressive Strength, MPa
No.|Batch(LWA| oy | «gm® [1d [ 7d | 28d | 91d | 365d

1] A I 1917 524|611 633 | 67.9| 71.3
EF 55 1922 63.2

21 A I 1947 | 489 (594 | 67.7 | 72.7| 76.0
EF 55 1885 71.9

3|1 A il |55 1900 | 414|521 | 56.3|59.6| 61.3
EF 1895 53.9

4 A IV |53 1935 | 42.7|53.2| 616 | 61.6| 63.3
4.5 1920 | 41.1| 483 | 50.1| 50.8| 52.4
6| A VI | 45 2000 | 40.7 [ 51.4| 57.5|59.8| na

Ul
>
<
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2.3 Loss in Strength

Water absorption of the lightweight aggregates influences the
properties of the concrete. It isreported that thereisaloss of strength when
theL WA Cismadeusing dry lightweight aggregates.[*®! I1tispostul ated that
there will be an exchange of water and air between the aggregate and the
pasteduring the period of setting. Inamicrostructural study of thehardened
concrete, air bubbles form a rim around the transition zone between the
LWA and the paste (Fig. 7.10). This air evacuation from the LWA isthe
cause of the strength decrease. Thisis overcome by remixing the concrete.
By so doing, the aggregates get wet and the air bubbles, which come out
when the water goes in, get dispersed and behave like normal air bubbles
created by the use of an air-entraining agent.

Figure 7.10. Micrograph showing the rim of air bubbles in the transition zone, LWA
sample (4.8 x 3.1 mm) isin the upper right hand corner, and cement paste in the lower |eft
corner.[3

Punkki and Gjorvi* have shown that the water absorption by the
lightweight aggregate does not only depend upon the aggregate properties,
but also on the moisture condition of the aggregate, the mixing procedure
of the concrete, and the properties of the fresh cement paste. It is reported
that 60 minutes after mixing, two typesof high-strength concrete absorbed
3.5t04.0%and 4.5t05.5% water, respectively, whiletheabsorptioninpure
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water was 6.9% and 7.0%, respectively. Absorption by the aggregates
significantly decreases the workability, whereasiit increases the compres-
sivestrength, in particular, the early strength. After one day, the use of dry
aggregate gave approximately 10 MPa higher compressive strength than
with the use of pre-wetted aggregate. Thisisin contradiction to the results
reported by Helland and Maage,[®! but as explained earlier, it may be due
to a different mixing schedule. After 28 days, however, no effect in the
concretewith thelowest water-to-binder ratio wasobserved. At the highest
water-to-binder ratio, the pre-wetted aggregate concrete gave approxi-
mately 6 MPalower strength than that with the dry aggregate.

Pre-wetting significantly increases the capillary suction of the
concrete. Thus, a pre-wetting of the most dense aggregate reduces the
capillary resistance number by approximately 10% and increases the
capillary number and the suction porosity by approximately 5% and 23%,
respectively.

In contrast to the microstructures showing arim of the air bubbles
by Helland and Maage,*® no such air bubbles on the aggregate surface
could be observed by Punkki and Gjorv. Thus no adverse effect of the
expelled air from the dry aggregate could be detected in the micrographs.
However, some specimens typically showed a porous transition zone
betweentheaggregate and the cement paste. Thiseffect wasobservedinthe
concrete with pre-wetted aggregate and more so in the case of dense
lightweight aggregate, and in the concrete with the highest water-to-binder
ratio (Fig. 7.11).

Figure7.11. Micrograph of concretewith pre-wetted lightweight aggregate (samplewidth
2.5 mm).[14]



Section 3.0 - Elastic Compatibility and Microcracking 191

3.0 ELASTIC COMPATIBILITY AND
MICROCRACKING

Concrete can be considered asaparticul ate compositein whichthe
aggregate particles are embedded in aportland cement-based matrix. With
normal concrete, the aggregates act as stiff and strong inclusions in a
relatively flexible and weak cement paste matrix.

When this concrete is subjected to applied stresses or volume
changes, then stress concentration occurs at the weak aggregate-cement
paste interface, leading to the formation of microcracks. In order to
understand the mechanism by which the performance of LWACimproves,
it is necessary to understand how these stress concentrations can be
reduced.

When using expanded clay aggregates, the boundary between the
two porous phases, the aggregate and the mortar, is difficult to identify,
whereas the transition from dense aggregates to gravel and to porous
hydrated cement paste is distinct. Moisture exchange can take place
betweenthepartially saturated lightwei ght aggregate and the pl astic mortar
phase, thereby reducing the tendency of fresh lightweight concrete to
develop thin films of water at the interface between the aggregate and the
cement paste.

Expanded clay aggregate-mortar interaction involves both me-
chanical and chemical forces. Inother words, the contact layer isnot simply
an interface between two substances, but contains new substances that are
formedfromtheinteraction. Theincreasein cohesionisduetothechemical
reaction between the products of cement hydration and the alumino-
silicates at the surface of the LWA formed during production at high
temperatures.

K hokhorinl® compared the hardness at and away from the contact
zone for both expanded and dense aggregates. The microhardness of the
mortar fractionat that zonewasconsiderably greater thanthemicrohardness
of the mortar fraction outside that zone when expanded aggregates were
used. When dense aggregates were used, no difference could be observed.
Khokhorin's results can be quoted as follows:

“Onthewhol e one should notethat the quality as defined
by cohesion, density and strength of the contact zone of
the concretes based upon porous aggregatesisbetter than
that of the contact zoneof normal concretebased ondense

aggregate.”
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3.1 Elastic Compatibility

Cracks are often found at the interface between the aggregate and
the cement paste. Surprisingly enough, inthe case of lightweight aggregate
concrete, they are not observed. The primary reason for the lack of bond
cracks may be dueto the similarity of elastic stiffness of the LWA and the
mortar fraction. Stress-strain curvesof lightweight aggregate concretesare
typically linear tolevel sapproaching 90% of thefailurestrength, indicating
the relative compatibility of the constituents and the reduced occurrences
of microcracking. Whenthemicrocrackingisreduced, thedisruptiveforces
that are generated dueto thefreezing of water-filled crackswill bereduced.
Similarly, rapid movement of chloride ions will also be limited when
microcracking is reduced.

It is important to emphasize that when entrained air is added to
normal weight concretes, it increases the elastic mismatch between the
dense aggregates and the air-entrained mortar, while in structural LWAC
the effect is to bring the elastic characterstics of the two phases closer
together. In ordinary concrete, the stiffness of the aggregateisfrom two to
more than six times the stiffness of the mortar, whereas in the concretes
composed of structural grade lightweight aggregates, the two fractionsare
quitesimilar. Useof large, rigid, dense aggregatesin concretemixtureswith
a high air content increases the stress concentrations at the interface
between the aggregate and the matrix.

Goodier!% analyzed the stresses in and around a spherical inclu-
sion embedded in an infinite matrix. His work shows how the stress
concentrations change as the concrete progresses from the fresh condition
toamature, fully hydrated material. All concretesstart with aninfinite stiff
inclusion relative to the matrix with maximum and minimum principal
stresses of 2.00 and 0.57 developing when an uniaxial unit compressive
stress is applied.[”] The maximum compressive stress occurs at the top
(pole) and the bottom of the inclusion when loaded vertically (through the
poles) and the maximum principal tensile stress occurs approximately
between the pole and the equator with the crack propagating out from the
surface of the spherical inclusion.

With mature normal concrete, the stiffness of the cement paste
matrix isabout 50% of thestiffnessof theaggregateinclusion andthestress
concentrations are reduced to 1.33 and 0.15. With LWAC, the stiffness of
the matrix tends to match the stiffness of the aggregate and the stress
concentrations are about 1.00 and 0. When the stiffness of the matrix and
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the inclusion become equal, the concrete experiences uniform uniaxial
compressivestressand can beexpected to haveareasonably straight stress-
strain curve uptofailurewith stress-induced microcracking occurring only
near ultimate strength. Its practical implication is that the lightweight
concretetendsto have alower permeability to gasesand aggressiveliquids
than normal concretewhen subjected toload. Nishil8 reported that for both
fresh water and sea water test programs, Japanese structural LWAC
demonstrated greater resistance to penetration than the normal weight
concrete. They havesuggestedthat thereisprobably theformation of alayer
of dense cement paste surrounding the particlesof theartificial lightweight
coarse aggregates.

3.2 E-Modulus of Matrix

The modulus of elasticity (E-modulus) of concrete depends upon
the modulus of elasticity of the matrix, type of aggregates, the effective
water-to-binder ratio, and the volume of the cement. The water-to-binder
ratio controlsthe E-modulus of the cement paste, which rangesfrom about
12,000 to 26,000 M Pa, furthermore, the lower value can be reduced by air-
entraining agents. The influence of the aggregate on the E-modulus of the
matrix isillustrated in Fig. 7.12. The stiffness of the matrix increaseswith
the increasing density of the sand. For the relationship of E-modulus and
compressive strength, it has to be distinguished between matrices with
natural sand and LWA (Fig. 7.13). The details of the aggregates used are
givenin Table 7.13.

Thestress and strain behavior was studied on mixes designed with
two different volume ratios between aggregates and binder. In the case of
expanded clay and shale, this modification shows almost no effect. This
means that the combination of cement paste with an expanded clay
aggregate results in an almost homogeneous material, which minimizes
microcracking because of the better elastic compatibility of the compo-
nents. Consequently, the stress-strain diagram of a matrix with expanded
clay ischaracterized by anearly linear ascending branch and less ductility
in the post-failure region (Fig. 7.14). In contrast with expanded clay, a
higher content of natural sand increases the E-modulus of the matrix
considerably. This observation is attributed to the discrepancy in the
stiffness, which supportsthecrack formation. Theresultisabending stress-
strainrelationshipincompression (Fig. 7.14). However, theel astic compat-
ibility of matriceswith natural sand becomesbetter withlower water/binder
ratios, as seen in Fig. 7.15 for the high-strength matrix.
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Table 7.13. The Properties of the Fine Aggregates'®l

, . Particle Water
Fine Particle Aqggregate . .
Producer : Density (P,), Absor ption,
Aggregates Geometry Size kg/m® M%
1 Natural sand rounded 0/2 2.63 0
2 Natural sand + Liapor™ 0/2 0/4 2.63 15 4.8
each 50% vol %
3 Expanded shale Ulopor crushed 0/2 2/4 1.7 1.4 6.2
4 Expanded clay Liapor™ crushed 0/4 15 4.8
5 Expanded clay Leca™ rounded 0/2 1.3 4.7
6 Expanded clay Embra rounded 0/4 0.79 4.6
7 Expanded glass Liaver rounded 0.25/0.5/1/2/4 0.54-0.29 4.4
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3.3  Modulus of Elasticity of Aggregates

The modulus of elasticity of LWA has been studied on the indi-
vidual particlesof different lightweight aggregates.[*®! The diameter of the
particleswas 12—-16 mm. Because of the small dimensions of the particles,
only the dynamic modulus was of interest. The values obtained scatter
considerably around a parabola corresponding to Eg. (3):

Eq. (3) Edyn.a =8000 pa2

where p, is the particle density of the aggregate in kg/dm?®.

TheresultsshowninFig. 7.16, indicate alower and an upper value
for natural lightweight aggregate and expanded shale lightweight aggre-
gates. These experiments were repeated by Miiller-Rochholz.[24 In his
experiments, the precision was higher, thereby the standard deviations can
bereduced. Neverthel ess, agood agreement can beachieved. Alternatively
to the approach of Shultz, he suggested a linear relationship between the
particledensity and thedynamic E-modulusof lightweight aggregates(Fig.
7.17).
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Figure7.16. Dynamic E-modulusof different lightweight aggregatesin dependence of the
particle density.[2°]
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Figure 7.17. Dynamic E-modulus of different lightweight aggregates and its dependence
on the particle density.[2

Eq. (4) Edyna= 1000 (14 - p,- 5)
where p, is the particle density, or
Eq. (5) Eqyna= 100 (27 - py,- 5)

where p, isthe bulk density in kg/dm? of the aggregates.

In comparison to lightwei ght aggregates, dense natural aggregates
are considerably more rigid. For quartz, the modulus of elasticity is
approximately 60,000, for limestone 80,000, and for basat it is over
100,000 MPa.

It is seen from both investigations that the dynamic E-modulusis
dependent on the particle density.

4.0 SHRINKAGE AND CREEP OF
LIGHTWEIGHT AGGREGATE CONCRETE

Drying shrinkageand creep of concretehavebeen studiedfor along
time and varioustheories have been proposed regarding their mechanisms.
With regard to drying shrinkage, there is the capillary tension theory, the
surface adsorption theory, and the interlayer water theory; for creep, there
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is the visco-elastic theory, the seepage theory, and the viscous flow
theory.[2224 | n most of thesetheories, the behavior of moisture contained
inconcreteisconsidered to beanimportant factor that influences shrinkage
and creep. Withregard to drying shrinkageintherangeof relative humidity
from 40% to 100%, the capillary tension theory isdominant. According to
thistheory, thedrying shrinkageiscaused by thecapillary tension occurring
in the moisture existing in the pores in cement paste.[24125 The stress due
to capillary tension in concrete is considered to be governed by the pore
volume and pore size distribution. However, experimental estimations of
the stresses dueto capillary tension and the rel ationship between the stress
and the mechanism of drying shrinkage have not been sufficiently studied.
At arelative humidity less than 40%, the shrinkage deformation at drying
is mostly caused by loss of structural water and adsorbed water in the
cement paste.

With regard to the mechanism of creep of concrete, agreat part of
the mechanism can be explained by the visco-elastic theory. This theory
considersthat thecement pasteisacompositematerial which consistsof the
frame structure and the visco-liquid filling the pores of cement paste, and
that creep isthe elastic deformation of theformer delayed by theresistance
dueto viscosity of thelatter. Therefore, it isconsidered that pore structures
in cement paste, namely porevolumeand poresizedistribution, areclosely
related to not only drying shrinkage, but also to creep of concrete.

4.1  Shrinkage

There are several kinds of shrinkage: autogenous or chemical
shrinkage, drying shrinkage, and carbonation shrinkage.

Drying shrinkage occurs when the concrete dries. The negative
pressureinwater iscaused by the capillary meniscus, which givescompres-
sivestressesinthesolid cement paste. Thisprocess causescompaction, and
the deformation increases with the decrease of the capillary radius.

Carbonation shrinkage occurs due to the interaction of calcium
hydroxide and calcium silicates with carbon dioxide. Ramachandran and
Feldman(28 werethefirst to observethat length changes, about 40% of that
of portland cement, when calcium hydroxide compacts were exposed to
CO,(0.1 MPa, 50% RH). Further work by Swenson and Seredal?”) showed
similar characteristics in shrinkage relative humidity curves. Maximum
shrinkage occurred at approximately 50% RH at an age of 19 days for
Ca(OH),, and 42 days for portland cement. Both the systems showed low



200 Chapter 7 - Physical Properties of LWAC

shrinkage at high and low humidities. This is in accordance with the
intensity of carbonation at different relative humidities asis discussed in
Ch. 8. Besides calcium hydroxide, C-S-H and C;S paste al so contributesto
shrinkage. Thecarbonation shrinkageof C-S-H aloneissignificantly larger
than the shrinkage of C;S paste. Several theories of carbonation shrinkage
have been proposed.

Ramachandran and Feldman’'s hypothesis suggests that the
points of contact of Ca(OH), crystals, and that the crystallites are pulled
together into the holes by van der Waal forces. Secondary hysteresis
observedin Ca(OH),- H,Oisothermsisdueto thetrapping of water inthese
holes. In Power’ stheory,[?8] the shrinkageforceisprovided by menisci, but
according to Ramachandran and Feldman’ s hypothesis,menisci forces are
not necessary as van der Waals surfaces are sufficient to induce shrinkage
on carbonation. It is suggested that the contribution shrinkage involves
silica polymerization similar to that described by L entz.[2%

Alexander and Wardlaw!®? found that normal atmospheric levels
of CO, caused about one third of the carbonation shrinkage compared to a
100% CO, atmosphere. Klemn and Berger[®3 found that accel erated curing
through high levels of carbon dioxide produced different effects than
normal curing. Thisindicatesthat the effect of ahigh concentration of CO,
on concreteis basically different from that of alow concentration of CO,,.
Thesedifferencesareduetothedifferent chemical processesinvolved. One
of the implications of this is that the accelerated tests using very high
concentrations of CO, may not be avalid method for modeling long-term
behavior and service life assessment of concrete structures.

Drying shrinkagesignificantly affectsthetotal shrinkagedeforma-
tion and isadirect cause of cracking. Shrinkage depends upon the type of
cement and its contents, water-to-binder ratio, and the aggregates.

The drying shrinkage of concrete is mostly affected by properties
of LWA and the aggregate content, because almost three-quarters of the
volume of concreteismade up of aggregate. The propertiesof LWA differ
greatly with the material used for making them and the production tech-
nique. Inthecase of normal concrete, theaggregateshave ahigher modulus
of elasticity and the volume change of the cement paste causes microcrack
development, although the shrinkage is not as much. In the case of
lightweight aggregate concrete, the shrinkage is greater. Since aggregates
are less tiff, they accommodate the movement caused by the volume
change. Thisresultsin less microcrack formations. So in order to under-
stand the shrinkage of lightweight aggregate concrete, it is necessary to
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study the influence of deformability of LWA because of the reduced
restrained behavior.

4.2 Drying Shrinkage Test

Drying shrinkage of some of the LWAC wastested by the acceler-
ated test method described bel ow. Some of the aggregates used were steam
cured and air-dried. Thephysical propertiesof the aggregatesare shownin
Table 7.14

Table 7.14. Physical Properties of LWA[S2

Bulk Particle | Voids | Comp. | Water
Aggregate  |pengty, | Density, | Ratio, | Strength, | Abs9%,
Type kg/m3 | kg/m3 % M Pa 1hr
Steam-cured 766 1311 41.6 6.09 27.0
fly ash
Air-cured 795 1405 434 5.50 239
fly ash
Super 539 898 40.0 412 9.3
lightweight
expanded
clay
Sintered 693 1260 45.9 8.01 14.1
fly ash
Expanded 742 1370 45.8 6.91 11.7
clay

The 40 x 40 x 160 mm prism specimens were cast and demolded
after 24 hours and stored in water at 20°C for 28 days, then tested. These
specimens were dried at 50°C until a constant weight was attained. The
shrinkage was calculated from the difference in the specimen length
between wet and dry states. The composition of the concrete was:

e Mortar matrix composition: cement:sand:water =
1:1.5:0.42.
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» Thevolumefraction (absolute volumefraction) of LWA
in concrete V ;: 0 (control mortar), 0.1, 0.2, 0.3, and 0.4.

» Crushed limestone aggregate with particle size 5-10 mm
was used in the control concrete.

» Fineaggregate used was natural sand, of fineness modu-
lus2.1.

The shrinkage of concrete with different types of LWA at various
particle densities is shown in Fig. 7.18. The results are represented as
relative shrinkage Sc/Sm (theratio of shrinkageof concretetotheshrinkage
of control mortar). Therelationship between the shrinkage of concrete and
volume fraction of LWA isshownin Fig. 7.19.

At the same volume fraction of aggregate, the shrinkage of LWAS
ishigher thanthat of crushed limestone concrete. The shrinkage of concrete
with burned LWA isless than that with non-burned fly ash LWA.

Similar to crushed limestone, the burned LWA can reduce the
shrinkage of concrete. The shrinkage of concrete decreases as the content
of burned LWA increases. But, the non-burned fly ash does not necessarily
reducethe shrinkage of the concrete. Theair-cured fly ash aggregates have
littleinfluence on the shrinkage of concrete, while the steam-cured fly ash
aggregate results in higher shrinkage as the volume fraction of aggregate
increases.
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Figure 7.18. Relative shrinkage versus particle density (V, = 0.4).[33
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Withregard to the LWA s produced by the samemethod (burned or
non-burned), the shrinkage of concrete decreases as the particle density of
aggregate increases. The shrinkage of concrete relates well to the particle
density of aggregate. This relationship does not fit with the lightweight
aggregates produced by different methods (see LWAs 3, 1, and 2, in Fig.
7.19).

There is no clear relationship between the shrinkage of concrete
and the cylinder compressive strength of concrete (Table 7.14), but the
lowest shrinkage of the sintered fly ash concrete has the highest strength.

Itisconcluded that theshrinkageof concretewithLWA isnormally
higher than that of ordinary aggregate. However, the burned LWA is
superior to the non-burned LWA in decreasing the shrinkage of concrete.
Thisisexplained on the basis of the el astic modulus of the aggregates used
(Table 7.15).

Table 7.15 showsthat the elasticity of the burned aggregate (Nos.
4and5) ishigher thanthat of thenon-burned aggregate (Nos. 1and 2), when
their particle densities are amost similar. Therefore, the burned LWA has
its advantage in reducing the shrinkage of concrete when compared to the
non-burnedlightwei ght aggregate. Thedifferencebetween non-burned and
burned LWA is due to the ceramic bond in the particles, which develops
during the sintering process at high temperatures.



204 Chapter 7 - Physical Properties of LWAC

Table 7.15. Elastic Modulus of the LWAS

No.| Type of Aggregate Elastic Modulus (GPa)
1 Steam-cured fly ash 14.44
2 Air-cured fly ash 15.96
3 Super lightweight expanded clay 13.85
4 Sintered fly ash 19.82
5 Expanded clay 20.69

Further, super lightweight expanded clay aggregate has a lower
particledensity thanthe other onestested. Itsmodulusof elasticity islower
anditsrestraining influence on shrinkage of theconcreteisasoless. Onthe
other hand, when comparingitsrestraining influenceon concrete shrinkage
to that of non-burned fly ash aggregates at the same volume fraction, the
former showshigher valuesthanthelatter. Hence, other factors, thedensity
of the particles and the shrinkage of the aggregate particle, may also
influence the shrinkage of concrete. Liu, et al.’s,® results also infer:

» Theshrinkageof theconcretewiththeburnedlightweight
aggregate (Sa) islessthan that of the non-burned aggre-
gates.

* When Sa> Sm, (Smisthe shrinkage of control mortar),
themoreof thiskind of non-burned aggregatein concrete,
the higher the shrinkage of concrete.

* When Sa = Sm, the shrinkage of concrete is related
weakly to the volume fraction of aggregate (air-cured fly
ash aggregate).

* When Sa< Sm, the shrinkage of concrete decreasesasthe
volume fraction of LWA increases.

The drying shrinkage, and even the creep, also depend upon the
process of manufacturing the lightweight aggregate concrete. Bijen(33! has
shown that the fly ash aggregates produced by “cold bonding” are, in
general, less rigid than that obtained with the other types of bonding.
Moreover, the drying shrinkage and creep of the bonding material are
greater. These negative aspects can, however, be aleviated or even over-
come by using compaction agglomerationtechniques. Ingeneral, thelower
the porosity, the lower the shrinkage and creep.
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Van der Wegen and Bijen[3¥l have tested the shrinkage and creep
of lightweight aggregate concrete made with Aardelite™ and Lytag™
aggregates. Aardelite™, unburned, and Lytag™, burned, arefly ash aggre-
gates. The composition and properties of fresh LWAC are shown in
Table 7.16. The 100 x 100 x 400 mm specimens were cast for testing.

Table 7.16. Mix Proportions and Properties of Fresh Concretel

Concrete Mix Unit |Lytag™ |Aardelite™| River gravel

Portland blast kg/m3 390 378 366
furnace cement

Water free kg/m?® 207 198 216

Water absorbed kg/m?3 70 91 0
by coarse
aggregate

River sand kg/m?® 735 752 730

Coarse sand kg/m? 559 652 1006

Total kg/m?® 1961 2071 2318

Slump mm 100 120 100

Flow mm 420 440 420
(DIN 1048)

Air content %v/v 3.8 21 0.9

Apparent density kg/m® | 1966 2074 2309
measured

Apparent density kg/m? 1961 2071 2318
calculated

The drying shrinkage specimens were demolded 24 hours after
casting and subsequently storedin saturated lime-water at 20°C until anage
of 7 days. They were then stored at 20°C and 50% RH. Although the
modulusof elasticity of the Lytag™ isabout 18% |ower than that of gravel
concreteand hasasimilar amount of cement (but asomewhat smaller water/
cement ratio) asriver gravel concrete, the drying shrinkage after 210 days
was about half of that of the gravel concrete (Fig. 7.20). Thisdifferenceis
probably duetotheinitial water content of the coarseaggregate. Itisknown
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that the water content of porous aggregates greatly influences the rate of
drying.[3% Thebuffer water content of theporousaggregateslowsdownthe
drying shrinkage. This meansthat the Lytag™ concrete could continue to
shrink even after the shrinkage of the gravel concrete has stabilized.

Aardelite™ concrete showed the largest shrinkage in spite of its
smaller volume of cement and a lower water-to-cement ratio. Moreover,
Aardelite™ also has a buffer water capacity even higher than that of
Lytag™, hence, at least in the early days of drying shrinkage, behavior
similar to that of Lytag™ concrete can be expected.
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Figure 7.20. Shrinkage of LWAC made with Aardelite™ and Lytag™ aggregates.[%

Apart from the smaller restraining effect of the Aardelite™ par-
ticles (because of itslower modulus), the higher shrinkage of Aardelite™
concrete is probably due to the shrinkage of the Aardelite™ aggregate
itself. Itisknown that autoclaved lime-silicamaterial s show drying shrink-
age, in contrast to a sintered ceramic material such as Lytag™ and dense
natural aggregate.

K ovalenkoand Terentyev(38l used Hayditeaggregatesinthefoamed
concrete, and have shown that the introduction of Haydite into the foam
concrete mix, even without formation of the compact frame, leads to a
considerable decrease in shrinkage from 30% or more (Fig. 7.21).
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Figure 7.21. Shrinkage of concrete with Haydite aggregates (FC = foamed concrete).

Abdullah has used palm oil shell aggregatesin lightweight aggre-
gate concrete.[] The shrinkage strain versus time curves for lightweight
concrete using palm oil shells in comparison with the curve for normal
concrete are shown in Fig. 7.22.31 The LWA curve shows that the
shrinkage rate decreased after about 60 days. However, the shrinkage of
lightweight concrete using palm oil shells was about five times that of
normal concrete. A semi-log plot of the same curveisshownin Fig. 7.23.
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Figure 7.22. Shrinkage of lightweight concrete using palm oil shells as aggregates in
comparison with normal concrete.l”]
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Figure 7.23. Semi-log plot of shrinkage of lightweight concrete using palm oil shells as
aggregates in comparison with normal concrete.!”!

Nobuta, et al.,[*® tested the shrinkage of high strength lightweight
aggregate concrete made from:

* FA—Lightweight aggregate made from fresh ash.

» LA—Lightweight aggregate madefrom conventional ex-
pansive shale.

e NA—Normal crushed stones.

They have shown that thelength variation ratio at the age of 1 year depends
on the type of aggregate, and tends to be large corresponding to the order
of FA <LA < NA (Fig. 7.24). The symbolsin the figure show water-to-
cement ratio (%), type of aggregate, and slump values (cm). In cases with
awater/cement ratio of 50% and slump of 18 cm, thelength variationratios
for FA, LA and NA were 0.062%, 0.080% and 0.090%, respectively. The
unit water amounts were 167 kg/m?, 176 kg/mq, and 183 kg/m?, respec-
tively, and the correl ation with the unit water amount can al so be observed.
In the cases with awater/cement ratio of 40% and target slump of 21 cm,
thelengthvariationratiofor FA and NA were0.064% and 0.093%. Theunit
water amounts were the same, which were 165 kg/m?, but the water-to-
cement ratio in the case of FA was smaller.
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Figure 7.24. Drying shrinkage of lightweight aggregate concrete.[38!

There seemsto be agood correlation between the E-modulus and
the compressive strength of the LWA concrete. The results indicate no
considerable influence of the LWA type on compressive strength.

Theinternal water reservoir of LWA concrete, dueto the possible
initial LWA moisture and mix water absorption, reducestherate of drying
shrinkage compared to the normal density concrete. For the same reason,
the autogenous shrinkage is nearly eliminated. Consequently, when
using dry LWA, the LWA with a high water absorption gives the lowest
shrinkage.

Dhir, et al.,[3% have shown that thedrying shrinkage of Aglite, “All
light,” lightwei ght aggregate concrete, asthat of normal concrete, increases
with its design strength, i.e., cement content. It is shown that for the range
of effective water/cement ratio considered, the drying shrinkage val ues of
concretesmadewith Aglitearegenerally comparabl etothoseobtainedwith
classl crushedrock and gravel aggregates. Thus, Agliteaggregate concrete
is comparable to normal concrete.

4.3 Creep

Creep of concrete isunderstood as an increase in strain with time
at a constant sustained stress level. Creep of concrete under drying condi-
tionsis calculated as the difference between the total time dependent on
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deformation of thel oaded specimen and the shrinkage of asimilar unloaded
specimen cured in the same conditions at the sametime. Drying shrinkage
and creep are not independent phenomena to which the principle of
superposition can be applied in practice. Drying creep is calculated asthe
difference between the creep in air and the creep in water, i.e., without
shrinkage, namely basic creep. The rate of primary creep decreases with
time. It is proportional to the applied load when the stressis not more than
40% of the compressive strength of concrete.

4.4  Creep Test

Van der Wegen and Bijen!®¥ have tested creep deformation onthe
concrete made with the lightweight aggregates, Aardelite™, and Lytag™
of thecomposition shownin Table7.16. The creep wasdetermined from
100 x 100 x 400 mm prisms. The specimenswere demol ded 24 hours after
casting and subsequently stored in saturated lime-water of 20°C until the
age of 7 days. The specimens were then stored at 20°C and 50% RH and
loaded at 28 days at acompressive stressof 10 MPa. Theresultsare shown
inFig. 7.25. Itisshownthat although LWA C with Lytag™ had asomewhat
smaller water-to-cement ratiothanthegravel concrete, both showed similar
creep characteristics probably due to the smaller elastic modulus of the
Lytag™ concrete.

The Aardelite™ concrete showed the highest creep, which cannot
be entirely accounted for by its lower modulus. It is suggested that the
Aardelite™ particles themselves possess a larger creep deformation than
the Lytag™ particles, since the creep of the sintered materialsisgenerally
much smaller than that of the autoclaved lime-silica materials.

TheLWA C madewith Lytag™ exhibited ahigher elastic modulus,
smaller drying shrinkage and creep, and a larger expansion than the
Aardelite™ concrete, althoughtheir mix compositionswereamost similar,
but a larger expansion compared to gravel concrete. That means the
Poison’svalueislarger.

Abdullahl” has tested creep of LWAC made with palm oil shell
aggregates. The creep test was performed according to ASTM. A load
equivalent to a stress of 6.0 N/m? was applied to three 150 mm diameter
cylinders made using lightweight concrete with palm oil shells as aggre-
gates. Theinstantaneousstrain wasobtained by deducing theinitial reading
from thefinal reading immediately after loading. Readings were taken six
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hourslater, thendaily for oneweek, weekly for onemonth, and monthly for
ninemonths. Strainreadingsonthecontrol specimensweretakenaccording
to the same time schedule. The total strain divided by the average stress
provided thetotal strain per unit stress. Thistotal strain per unit stresswas
plotted on semi-log coordinate paper. Figure 7.26 shows a large creep
compared to normal concrete. The creep rate for lightweight aggregate
concrete using palm oil shells did not achieve a constant value after three
months. Thismay be acause for concern when using lightweight concrete
with palm ail shells as structural concrete.
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L~ /’
O Lytag™
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/
2 5 10 20 50 100 200

Creep time (days) o=

Figure 7.25. Creep deformation of LWAC made with Aardelite™ and Lytag™ aggre-
gates.[34
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Figure7.26. Creep of lightweight concrete using palm oil shell aggregatesin comparison
with normal concrete.[!

45 Concluding Remarks

The mechanism of drying shrinkage of concrete of low to high
strengthintherangeof mediumto highrelativehumiditiescan beexplained
by the capillary tension theory.

Drying creep becomes smaller with the increase in compressive
strength of concrete, and is caused by the stress due to the difference in
capillary tension between drying shrinkage and creep specimens.

Drying creep of high strength concrete is very low, because the
differencein capillary tensions between drying shrinkage and creep speci-
mens does not arise. Drying creep is larger for low strength concrete
because the capillary tensions of creep specimens are larger than that of
drying shrinkage specimens.
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5.0 THERMAL CONDUCTIVITY OF
LIGHTWEIGHT AGGREGATE CONCRETE

Thermal behavior of lightweight aggregate concreteisrelated toits
thermal conductivity and density which, inturn, isinfluenced by its pore
structure, i.e., the air-void system, aggregates, and the matrix. Thus, the
thermal conductivity will depend upon the porestructure of thelightweight
aggregates and the cement paste matrix. Air is one of the best insulating
materials. It impliesthat the thermal conductivity of adense concrete (less
theair voids) ismorethanthat of theporousconcrete. Thermal conductivity
of adry building material isincreased by adding water to it. Wet concrete
transmitsheat better than dry concrete, becausethethermal conductivity of
wet concrete is 24 times that of the air. The heat passes through water 15
times faster than through the stationary air. For this reason, the thermal
conductivity value of insulating concrete drops when it gets wet.

5.1 Influence of the Aggregates

Lightweight aggregates are produced by heat treatment during
which they expand and produce a porous cellular structure. The pore
structure and density of the aggregates depend upon the raw material and
the process used to produce them. Porosity and density areinterrelated, the
higher the porosity, thelower the density. Higher porosity hasmoreair. As
aresult of the above mentioned structure, thermal conductivity decreases
with anincreasein air content. It suggests that the light porous aggregates
will produceconcreteof low thermal conductivity, whereastheheavy dense
aggregateswill produce concreteof ahigher thermal conductivity. Thermal
conductivity of lightweight aggregate concrete made with different aggre-
gatesisshownin Table 7.17. EVSand ESG are expanded slag aggregates.
EV Sismade by hydro-screening, and ESG is produced by a drum granu-
lating process.[¥ The 28 days compressive strength of EVS and ESG
concretes was 5.0, whereas vermiculite, perlite, and Swedish Leca™
concrete had astrength of 0.95, 2.17 MPa, and 32 M Pa, respectively.l® The
thermal conductivity values mentioned here are to be compared with the
thermal conductivity of dense concrete which isabout 1.7 W/mK.
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Table 7.17. Thermal Conductivity of Lightweight Aggregate Concretel®!

Air-dry Thermal Conductivity Coefficient
Aggregate Density W/mK at Moisture Content
Type kg/m3 0% 5%
Vermiculite 400 0.09 0.158
Perlite 310 0.098 0.155
EVS 1420 0.28 0.36
ESG-1a 1280 0.31 0.36
ESG-1b 1400 0.31 0.39
Swedish Leca™ 1550 0.68 -

Table 7.17 shows that the thermal conductivity of concrete de-
creases with a decrease in the air-dry density of the concrete, which
consequently depends upon the type of material used for making the
aggregate. In the case of EVS and ESG, the materia is the same—blast
furnaceslag—yet therearevariations. Thesevariationsareattributed to the
geometry and themorphol ogy of theaggregates, whichisdifferent because
EV Sand ESG were produced by two different processes. Roughly rounded
ESG aggregates, with a few small pores instead of the angular EVS
aggregateswith large open pores, promoteamoreuniform porousstructure
of the mortar components. This has a greater quantity of small pores. It is
substantiated by determiningthe poresizedistribution of theexpanded slag
concrete (Table 7.18).

Table 7.18. Pore Size Distribution of Hardened Mortar Component of
Expanded Slag Concretel*’!

Content of Pores (% of Porosity of the Hardened
Aggregate | Mortar Part of Concrete) Within the Size Range (um)
Type 1-60 70120 | 150-300 >350
EVS 5 8 57 30
ESG 22 35 31 12

28 days cube compressive strength 5.0 MPa.
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The number of small pores (of the size up to 120 um) in the
hardened mortar component of the concrete, made with the use of ESG is
about 57%in contrast to theonemadewith EV Swhichreachesavalueonly
to 13%.

5.2 Effect of Mortar Matrix

The properties of the cementing matrix depend upon the binders
used. Binders can be only portland cement or a combination of portland
cement and mineral admixtures. Mineral admixtures can befly ash, silica
fume, blast furnace slag, etc. Besides this, chemical admixtures, like
superplasticizers and air-entraining, agents are al'so used. Mineral admix-
tures modify the pore structure of the matrix and consequently produce a
concretewith uniformly dispersed pores. Especially whenanair-entraining
agent isused, pores are created, thereby the density of concreteisreduced.
To assess the influence of silica fume (SF) and fly ash (FA) on thermal
conductivity, somelightweight concreteswere made with expanded perlite
and pumice aggregates.[*?! The composition of the concrete is given as:

Total dosage of portland cement
(PC, PC + SF, or PC + FA) = 200 kg/m?

Six main groupsof mixeswere cast with expanded perlite aggregate (EPA)
and pumice aggregates (PA) in different proportions. They are named as:

- A (100%PA) « D (40% PA +60% EPA)
« B (80%PA+20%EPA) + E (20% PA +80% EPA)
e C (60%PA +40%EPA) « F (100%EPA)

For each group, separately 0, 10, 20, and 30% SF and FA, by weight of PC,
were used. The superplasticizer used was sulfonated naphthalene formal-
dehyde condensate blended with some other air-entraining admixtures.

Thethermal conductivity andthedry unitweight aregivenin Table
7.19 and the relationship between mineral admixtures SF and FA and
thermal conductivity of mixesA, B, C, D, E, and F are presented in Figs.
7.27-7.32. Concrete was made by mixing the pumice (PA) and EPA
aggregatesin different proportions. Therelation between theratio of EPA
andthermal conductivity isgiveninFig. 7.33, and therel ationship of thedry
unit weight and thermal conductivity in Fig. 7.34.



Table 7.19. Thermal Conductivity and the Dry Unit Weight of Concrete of All Groups*®)

A: 100% Pumice Aggregate (PA) LWC

LWC Groups
up AO Al A2 A3 A1* | A2r | A3

Thermal Conductivity (W/mK) 0.1378 | 0.3099 | 0.2981 | 0.285 | 0.285 | 0.283 | 0.2787

Oven-dried Unitweight(kg/ms) 1154.3 | 1138.9 | 1125.6 | 1114.3 | 1153.4 | 1130 1125

B: 80% PA + 20% Expanded Perlite Agg. (EPA) LWC

LWC Groups
up BO B1 B2 B3 B1* | B2* | B3

Thermal Conductivity (W/mK) 0.2947 | 0.2994 | 0.2709 | 0.2408 | 0.2666 | 0.2586 | 0.2398

Oven-dried Unit weight (kg/ms) 928.3 911.4 903.5 896.4 925.7 920.4 910.3

C: 60% PA +40% EPA LWC

LWC Groups Co c1 c2 C3 ci | c2r | ca

Thermal Conductivity (W/mK) 0.269 | 0.2498 | 0.251 | 0.2479 | 0.265 | 0.2564 | 0.249

Oven-dried Unit weight (kg/m®) | 858.8 | 854.5 | 850 845 | 855.4 | 853 | 8529

(Cont’d.)



Table7.19. (Cont’'d.)

D: 40% PA + 60% EPA LWC
DO D1 D2 D3 D1* D2* D3*

Thermal Conductivity (W/mK) 0.261 | 0.2517 | 0.2192 | 0.2207 | 0.2558 | 0.2457 | 0.2256

LWC Groups

Oven-dried Unit weight (Kg/m3) 755 743.3 | 738.15 735 753 750 748.4

E: 20% PA + 80% EPA LWC
EO E1l E2 E3 E1* E2* E3*

Thermal Conductivity (W/mK) 0.1985 | 0.1979 | 0.1887 | 0.1826 | 0.1934 | 0.193 | 0.1924

LWC Groups

Oven-dried Unit weight (Kg/m3) | 602.98 | 597.8 588.3 584 602.9 598.4 589.2

F: 100% EPA LWC
FO F1 F2 F3 F1* Fox F3*

Thermal Conductivity (W/mK) 0.1797 | 0.172 | 0.1552 | 0.1558 | 0.1676 | 0.1643 | 0.1472

LWC Groups

Oven-dried Unit weight (Kg/m3) 479.8 457.6 441.2 435.1 472.2 468 463.1

Note: 0, 1, 2, 3, following letters show the percentage of SF, respectively, 0, 10, 20, 30% replacement of
PC and 1*, 2*, 3* show the percentage of FA 10, 20, 30% replacement of PC for each group.
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Figure 7.27. Relationship between admixture content and thermal conductivity of
sample A.[40
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Figure 7.28. Relationship between admixture content and thermal conductivity of
sample B.[40
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Figure 7.29. Relationship between admixture content and thermal conductivity of
sample C.[0]
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Figure 7.30. Relationship between admixture content and thermal conductivity of
sample D.[47]
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Figure 7.31. Relationship between admixture content and thermal conductivity of
sample E.[40]
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Figure 7.33. Relationship between EPAs ratio and thermal conductivity.[47!
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Figure 7.34. Relationship between dry unit weights and thermal conductivity.[*%

SF and FA reduce thethermal conductivity of group A (Fig. 7.27).
The reduction in thermal conductivity shown by 10, 20, and 30% SF for
group A are 2, 5, 6, and 10% compared to their corresponding control
sample, respectively. The reduction dueto FA (10, 20, and 30%, replace-
ment of PC) for the same group are 10, 11, and 12%, respectively. Thisis
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because the density decreased with increasing SF and FA content. Thelow
density of LWAC with SF and FA isrelated to the high air content*!! and
amorphous texture of SF and FA.[*2143 The difference between the FAs
percents are very high.

For group B (20% EPA and 80% PA), both at 30% SF and FA,
thermal conductivity decreased by 18.3 and 18.6%, respectively. The
reductionsdueto FA (10, 20, and 30%) for group B are 9.5, 12.2, and 18.6%,
respectively. The effect of FA isgreater than the SF for group B at 10 and
20%, but at 30% replacement of PC both have about the same reduction
effect. The results are shown in Table 7.18 and Fig. 7.28.

In general for all groups, both SF and FA decreased the thermal
conductivity of samples with the increasing of SF and FA content. The
reduction dueto SF and FA showed the fluctuation. Thismay bedueto the
testing conditionsand the moi sture content of thesampl es. Inany case, both
SFand FA decreased thethermal conductivity significantly. Thereduction
due to the FA is greater than the silica fume. The reduction of thermal
conductivity is because of low density of LWAC with SF and FA content
and amorphoustexture. Thelow density isrelated to the high air content of
SF and FA.

EPA (replacement of PA) decreased the thermal conductivity of
LWAC. For 20, 40, 60, 80, and 100% replacement of PA, other ingredients
and conditionswereconstant. Thereductionswere?.3,15.4,17.9, 37.5, and
43.5% compared to their corresponding control specimens.

Theseresultsreveal that thesilicafume (10, 20, and 30% by weight
of portland cement), FA (10, 20, and 30% by weight of portland cement),
and EPA (20, 40, 60, 80, and 100% of exchangewith PA) wereeffectivein
decreasing the thermal conductivity of the lightweight aggregate concrete
up to 43.5%. Thisismainly dueto therelatively low thermal conductivity
of these admixtures and the aggregate EPA, and the low density of the
LWAC produced.

The amorphous texture of the admixture also may be the cause of
the reduction because the phonons average free pathway in the amorphous
ceramicsisshorter thanin crystalline ceramics. For thisreason, thethermal
conductivity of amorphous ceramics is low. For instance, the crystal
textured SiO,s thermal conductivity is 15 times higher than that of the
amorphous SiO,s thermal conductivity.[?]
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5.3 Concluding Remarks

Thermal conductivity of lightweight aggregate concreteisrelated
to its pore structure or air-void system. With air astheinsulating material,
concrete of ahigher porosity and alower density will have alower thermal
conductivity. The air-pore system in the LWA C depends upon the binder
system and the chemical admixtures used. With the addition of silicafume
and fly ash, thermal conductivity is decreased. The reduction is more
pronounced in the case of FA than SF at 10 and 20% replacement, but at
30% replacement, it is approximately the same.

Porous aggregates producealL WA C with alower thermal conduc-
tivity, but it is not only the total air content which governs thermal
conductivity. The geometry of the pores and their distribution play a
decisiverole in thermal conductivity.

6.0 ABRASION RESISTANCE

Itislogical toconcludethat thelightweight aggregate concretewill
not have adequate abrasion resistance. This is based upon the fact that
aggregates are not as strong as stone. However, thisis incorrect since the
abrasion of concretedoesnot only depend upon thelightweight aggregates,
but al so uponthestrength of thematrix and thebond betweentheaggregates
andthecement paste. Instructural lightweight aggregate concretes, thehigh
strength of the mortar compensatesfor the low value of the aggregate, and
the bond between the mortar and the cement paste is much stronger
compared to the bond in normal weight concrete. The bond in the light-
weight aggregate concrete is not only on the surface of the aggregates, it
penetratesthe surface. Apart fromthis, the surface of the aggregate may be
reactive, which leads to the pozzolanic reaction between the calcium
hydroxideproduced fromtheportland cement hydrationandreactivesilica.
This makes the bond still stronger. Some tests have been performed by
Chandra and Berntsson® to test the abrasion resistance of structural
lightweight aggregate concrete.

Thelightwei ght aggregate concrete used had thefollowing compo-
sition:

Ordinary portland cement 425 kg/m?
Sand 850 kg/m?
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Swedish Leca™: 2-6 mm 3101/md
Swedish Leca™: 4-10 mm 3101/md
Water-to-cement ratio 0.395
Superplasticizer, Mighty ™ 1% to the weight of cement
(A naphthalene formaldehyde
based superplasticizer)

Thefreshdensity of theconcretewas 1750 kg/mé. Theconcretehad
aslump of 140 mm and the compressive strength at 28 days was 37.0
MPa. For comparison, normal concrete was made with the following
composition:

Ordinary portland cement 275 kg/m®
Sand 1060 kg/m?
Stones: 8-12 mm 385 kg/m®
Stones: 12-16 mm 385kg/m®
Water 203 kg/m?®
W/C 0.74

The 28 days cube compressive strength of the concrete was 32.5
MPa. Thetest was performed according to the Swedish Standard SS 1372
41. The apparatus used in the test differed from the one mentioned in the
standard in that theload on each wheel was 330 N instead of 130 N and the
number of rotations per minute was 67 instead of 60. The apparatusis
shown in Fig. 7.35. The conditions of the plates made for the test were
1.1 x 1.1 x 0.25 m. The plates after the test are shown in Fig. 7.36. The
results are shown in Table 7.20.

Thetest resultsshow that the abrasion depth of thenormal concrete
was 1.9 mm after 800 rotations and 2.6 mm after 1600 rotations. For
lightweight aggregate concrete, the abrasion depth after 800 rotation was
1.3 mmand after 1600 rotations, was 1.7 mm. Thismeansthat the abrasion
resistance of lightweight aggregate concrete is better than the normal
concrete tested. The abrasion depths are shown in Fig. 7.36. These results
are contrary to normal expectations. The fact behind the strong resistance
of lightweight aggregate concreteisthe strength of the cement paste, which
istwo times higher than the strength of cement paste in the normal weight
concrete. Thisis due to the higher amount of cement (3%) in lightweight
aggregate concrete compared to the normal concrete and the low water-to-
cement ratio, 0.74 in the case of normal concrete, and 0.40 in the case of
lightweight aggregate concrete.
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Figure 7.35. Apparatus for measuring abrasion resistance.[®!
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Table 7.20. Abrasion Depth Measured During the Test[®]

225

No. of Normal Concrete, mm Lightweight Concrete, mm
Rotations| Max [ Min Middle | Max Min | Middle
800-1 104 | 264 184 0.86 1.56 121
800-2 124 | 273 1.99 0.93 194 1.43
1600-1 136 | 391 2.63 1.16 2.20 1.68
1600-2 140 | 3.89 2.65 1.19 231 1.73

x_;xu.u_.h.-.elatnmn

Figure 7.36. The plates after testing for abrasion resistance.[®l

.
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6.1 Concluding Remarks

It isdemonstrated that the lightweight aggregate concrete, in spite
of the low strength of the aggregates, can have higher abrasion resistance
compared to the normal construction concrete. This depends upon the
cement mortar matrix. Structural high-strength lightweight aggregate
concretes are produced using a high-strength cement matrix. Aggregates
are also available today which have higher strength than the expanded
clay aggregate Leca™. These can be used to produce abrasion resistant
concrete.
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8

Durability of

L ightweight Aggregate
Concreteto Chemical
Attack

1.0 INTRODUCTION

Chemical durability isdefined astheresistance of concrete against
thegases, chemical s, and temperature variationswhich interact chemically
with the binder components of the concrete causing deterioration. Light-
weight aggregate concreteismadeusing different typesof cements, mineral
admixtures, and aggregates. These material variationsinfluencethe degree
and rate of deterioration. The following types of chemical attack are
discussed in this chapter.

Acid Resistance
Alkali-Aggregate Reaction
Carbonation and Corrosion
Chloride lon Penetration

Extensive research data on the chemical durability of normal
weight concreteareavailablewhereasnot muchinformationisavailable
on the chemical durability of LWAC. Besides, there are different types of
concrete, ranging from low density insulating concrete to high strength
structural concrete. This makes it difficult to collect data and assess the
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232 Chapter 8 - Durability to Chemical Attack

durability of each concrete systematically against the different chemicals
and other environmental conditionsto which it is exposed. Nevertheless,
the mechanisms involved in some of the deterioration processes are
explained and the relevant examples are reviewed.

2.0 ACID RESISTANCE

Acids attack hardened concrete in different ways. The effect
differsfromacidto acid and isrelated to thetype of LWAC. Chandra¥! has
tested the durability of LWAC against three acids; hydrochloric acid,
sulfuric acid, and lactic acid. A review of the results and the mechanisms
involved follows.

The composition of the lightweight aggregate concrete tested is
showninTable8.1. Thetableshowsthat thechemical admixture* CEMOS’
isused. Itisan asphalt-madified acrylic polymer dispersion. Itsfunctionis
threefold:

1. To help disperse the aggregates.
2. Towork like an air-entraining admixture.
3. To create hydrophobicity.

Mortar prismsof 6 x 6 x 12 cm sizewere cast and cured for 5 daysin water
and later intheclimateroom at 55% RH and 20°C. The samplestested were
cast in and cut with exposed aggregate surfaces. Comparisons were done
with normal weight concrete.

Solutionsof 15% hydrochloricacid (HCI), 5%sulfuricacid (H,SO,),
and 5% lactic acid (CH; CHOH COOH) were made and the specimens
were continuously immersed in these solutions. The cement used was
Swedish ordinary portland cement, C;S-64%, C,S-13%, C;A-8%, C,AF-
10%, specific surface-337 m?/kg.

LWA isan expanded clay aggregate produced in arotary kiln. The
aggregate is a regularly rounded particle with a dense skin. The particle
density is about 800 kg/m? for 2—4 mm and 700 kg/m? for 4-12 mm. The
percent of the polymer admixture CEMOSis calculated on the basis of its
solid content.

Weight changes were noted at specific intervals. The test method
followed for the hydrochloric and sulfuric acid was the same as described
by DePuy.!? In all cases, concentrations of the acid solutions (pH) were
kept constant by titrating against sodium hydroxide (NaOH) using methyl
red as an indicator.



Table 8.1. Concrete Composition, Density, and Compressive Strength!!!

Adm Sand/Gravel Sand /LWA
' 3 3
Type of (%) to |Cement kg/m kg/m Fres_h 28d
Concrete | NO | Cement | kgm3 | Sand | Gravel | sand | Lwa | Lwa |W/C DensutSyComp.Str.
Weight 08 | 816 | 04 | 24 | 412 kg/m® | MPa
mm mm mm mm mm
Normal N — 500 930 750 — - - 0.45 | 2400 45.0
weight
concrete
NA | CEMOS| 500 930 750 - - - 041 | 2180 33.2
15
LWAC L CEMOS| 315 - - 305 120 285 0.60 | 1247 18.0
15
LB CAEA 315 - - 305 120 285 055 | 1350 20.4
0.05
N — Normal concrete
NA — Norma concrete with CEMOS
L — 3L concrete (LWAC with CEMOS)
LB — LWAC with conventional air-entraining agent (CAEA)
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2.1  Hydrochloric Acid (HCI) Attack

Hydrochloric acid (HCl) attacks hardened concrete through a
dissolution process, forming solublesalts; |eaching al sotakesplace. During
this process, the pH of the acid solution is increased. Consequently,
hydrolysis is resumed, and eventually Si, Al, and Fe gels are produced.
During thetest, it was observed that the outer surface of the specimen was
yellow, whereastheinterior was brown. Thisiscaused by thedifferencein
the Fe(OH);-content as confirmed by Rubetskaya, et al.l¥! Chandra!!
described an HCI attack asareaction that occursin layersforming distinct
Zones.

The results of concrete deterioration in terms of percent weight
loss, are shown in Fig. 8.1 and the physical appearances of the specimens
are shown in Fig. 8.2. These results show that the minimum damage
occurred inthe LWA C with the polymer micro-particle (3L-concrete) and
the maximum in the norma concrete. Further, the difference is more
pronounced in the normal concrete without the polymer micro-particles.

50

304

INe)

20+

Percent Weight Loss
10

107

N5 NA L LB

Type of Concrete

Figure8.1. Percent weight loss of concrete after storingin 15% hydrochloric acid solution
for 3months; sizeof thespecimens6 x 6 x 12 cm, C-cut surfaces, L B-lightweight aggregate
concrete with conventional air intruder, L-3L concrete, NA-normal concrete K50 with
CEMOS 110, N5-normal concrete K50.
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Figure 8.2. Physical appearance of the specimens after storing in 15% hydrochloric acid
solutionfor 3 months; a) cast surface, b) cut surface, LB-LWAC with air-entraining agent,
L-3L concrete, NA-normal concrete K50 with CEMOS 110, N5-normal concrete K50
without CEMOS 110.11

The 3L concreteisdamaged |essthan the LWAC with the conven-
tional air-entraining agent. The reason for this is attributed first to the
changeinthestructure of the concrete because of the addition of themicro-
particles, providingamorecompact structure, and second, to thehydropho-
bic character that the micro-particles have imparted to the concrete which
reduces the absorption property.l] Dueto this, the penetration of the acid
was slower than without micro-particles. A third reason is the complex
formation due to the reaction between cal cium hydroxide and carboxylate
ions of the polymer particles.[45 The calcium complex is hydrophobicin
nature, therefore the availability of free calcium hydroxide in concrete
vulnerable to acid attack isless.

The damage was more pronounced in cut sections than in uncut
ones. In the first case, the cement mortar is damaged on the aggregate
surface whereas, in the latter case, the damage occurs directly on the
cement paste between the aggregate particles. Moreover, due to the
formation of the hydroxidelayer onthe surface of the uncut specimens, the
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acid penetration is delayed. These results reported by Chandral!! are in
agreement with theobservationsmadeby Romben, €l Dehler, [l and Biczok. @]
The damage to the concrete as observed wasin the following order: N5 >
NA>LB>L.

2.2 Sulfuric Acid (H,SO,) Attack

Attack of hydrated portland cement by sulfuric acid is two-fold.
Thefirst one is by acid attack or hydrogen ions and the second is by the
sulfuricions. Two saltsareformed: namely cal cium sul phatefrom sul phate
ions, and calcium hydroxide and ettringite from calcium sulphate and
calcium aluminate. These are expansive salts and the pressure produced
during their formation causes concrete to crack and disintegrate.

Theresultsof concretedeteriorationintermsof percent weight loss
are shown in graphical form in Fig. 8.3 and their physical appearance is
shown in Fig. 8.4afor the normal specimens and in Fig. 8.4b for the cut
surface specimens.
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Figure 8.3. Percent weight loss of concrete after storing in 5% sulfuric acid for 6 weeks,
size of the specimensis6 x 6 x 12 cm, C-cut surfaces, L B-lightweight aggregate concrete
withconventional air intruder, L-3L concrete, NA-normal concrete K50with CEM0S 110,
N5-normal concrete K50 without CEMOS 110.[4
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Figure8.4. Physical appearance of specimensafter storingin 5% sulfuric acid solution for
3 months; a) cast surface, b) cut surface, LB-LWAC with air-entraining agent, L-3L
concrete, NA-normal concrete K50 with CEMOS 110, N5-normal concrete K50 without
CEMOS 110.11

Sulfuricacid caused moredamageto the LWA C thanto thenormal
concrete. The maximum damage noticed wasin the LWAC with aconven-
tional air-entraining agent. The damage to the lightweight aggregate con-
crete appeared on the cementing edges, and the aggregates were also
affected. Theexpansion of cement pastein the concrete of insolublesulfate
may have crushed the LWA and increased the permeability of the concrete.

In normal weight concrete, CEM OSdid not increasetheresistance
against sulfuric acid. The deterioration of the concrete occurred in the
following order: LB > L > NA > N5.

2.3 Lactic Acid (CH3; CHOH COOH) Attack

L actic acid attacks are dueto the formation of calcium lactate. The
calcium lactateformed may dissociate easily giving moreionsand increas-
ing the conductivity. The solubility of Ca(OH), and C;Sin lactic acid is
high. During the test, Chandral® observed the growth of a hard, white
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insoluble material inthe matrix between the aggregates. Thisincreased the
weight of the concrete. These results parallel the observations made by
Dehler.[”]

Theresults of the concrete deterioration in termsof percent weight
lossarereportedingraphical forminFig. 8.5andtheir physical appearance
in Fig. 8.6a for normal specimens and in Fig. 8.6b for the cut surface
specimens. Theresults clearly show that minimum damage occurredinthe
lightweight aggregate concrete with the CEM OS addition.

Thesamplesunder thel actic acid sol ution did not deterioratemuch.
However, while the samples were in the drying state, a white precipitate
appeared on the surface in the matrix between the aggregates and mortar.
Itlooked likeaprecipitate of calcium lactate, which formsaccording to the
following reaction.!1%

COOCHOHCH,
2CH,CHOHCOOH + Ca(OH), — Ca +H,0
COOCHOHCH,
50
40
]
3 a0
S
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%’_ 20 ] c E
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Figure8.5. Percent weight loss of the concrete after storing in 5% lactic acid solution for
3 months; size of the specimens 6 x 6 x 12 cm, C-cut surfaces, L B-lightweight aggregate
concrete with conventional air intruder, L-3L concrete, NA-normal concrete K50 with
CEMOS 110, N5-normal concrete K50.9
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(@

(b)

Figure 8.6. Physical appearance of the specimens after storing in 5% lactic acid solution
for 3 months; a) cast surface, b) cut surface, LB-LWAC with air-entraining agent, L-3L
concrete, NA-normal concrete K50 with CEMOS 110, N5-normal concrete K50 without
CEMOS 110.19

Calcium lactate, thus formed, may dissociate easily giving more
ionsand increasing the conductivity. The solubility of Ca(OH), and C;Sin
lactic acid is higher. The destruction observed wasin the following order:
L<NA<LB<NS5. The cut surfaces were more damaged than the cast sur-
faces. Lightweight aggregate concrete, in this case, was a so | ess damaged
than the normal concrete aswasthe case with the hydrochloric acid attack.
The reason for thisisthe same as is explained in the case of hydrochloric
acid.

2.4  Concluding Remarks

Tests have demonstrated that the lightweight aggregate concrete
with CEMOS is the most resistant to hydrochloric and lactic acid. Thisis
because of the hydrophobic property introduced by the polymer CEMOSin
thelightweight aggregateconcrete. It correl atestothecement contentinthe
concrete. Normal weight concrete, both with and without an air-entraining
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agent, was more damaged than the LWAC. Normal weight concrete had
more cement compared to the lightweight aggregate concrete. It produces
more Ca(OH), which reacts with HC| and forms CaCl,, which leaches
away. Concrete, in this way, loses strength. Besides, the attack of acidic
dissolution increases porosity which provides easy access for further
penetration of the acid. Apart from this, the bond between the lightweight
aggregates and the cement is not just on the surface like in normal weight
concrete. Because of the porous nature of the aggregate, the binder
penetrates inside the aggregates. This makes the bond much stronger. It
meansthat, with the action of the acid on the surface, the aggregates do not
fall apart asin normal weight concrete.

However, inthecaseof sulfuricacid, expansivesalts,i.e., ettringite
and gypsum, are formed which produce substantial stresses. Lightweight
aggregateconcrete, whichislower in strengththan normal weight concrete,
becomes more damaged.

3.0 ALKALI-AGGREGATE REACTION

Alkali ions present in portland cement, in the binder used, or from
other sources outside concrete, may react with some of the siliceous
constituents that may be present in some of the aggregates. This leads to
expansion and cracking. The phenomenon, called an alkali-silicareaction,
can influence the strength and elasticity of concrete. Pop-outs and awhite
deposit on the surface are other signs of an alkali-silica reaction. Three
types of akali-aggregate reaction can occur:

e Alkali-silicareaction.
e Alkali-carbonate reaction.
o Alkali-silicate reaction.

3.1 Alkali-Aggregate Reaction in LWAC

Normal weight concrete is made using natural stone aggregates,
which can be sensitiveto thealkali. Concrete deterioratesdueto the alkali-
aggregate reaction. In the case of lightweight aggregate concrete, apart of
the regular aggregates, depending upon the type of concrete produced, are
replaced by lightwei ght aggregates. Lightwei ght aggregatesare of different
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types. Some of them are of natural origin like volcanic sources and the
others are man made in factories; examples include expanded clay aggre-
gates like Leca™, in Sweden and Norway, and Liapor™ in Germany;
sintered fly ash aggregates; Lytag™; expanded slag aggregates; etc. These
aggregates are not alkali sensitive. With the partial replacement of the
normal aggregate, the risk of alkali-aggregate reaction is decreased.

The high performance concretes are made with the addition of
mineral admixtures like silica fume and chemical admixtures, i.e.,
superplasticizer. This makes it possible to produce concrete with a low
water-to-binder ratio. A low water-to-binder ratio producesconcrete of low
permeability. Apart from this, these additions dilute the effect of the alkali
on portland cement. A decreasein the permeability and the dilution effect
further reduce the risk of damage to concrete due to the alkali-aggregate
reaction.

3.2 Indirect Tensile Test

An akali-aggregate reaction causes cracking of the structure.
When internal distress is associated with expansive reactions, testing in
compression may fail to diagnosethe problemsbecause many of the cracks
that haveformedwill closeduring thecompressiontesting procedure. Quite
the opposite occurswhen concreteistested intension. Thelargest and | east
favorably-oriented cracks and tensile stress components form the nucleus
for failure of the specimen. Concrete cylindrical specimens madewith and
without reactive aggregates were tested by an indirect tensile test.[*!! For
almost one year, expansions and compressive and tensile strengths were
measured. While compressive strengths were modestly reduced by crack-
ing due to deleterious expansion caused by alkali-aggregate reactivity,
profound reductionsoccurredin companion tensilestrength specimens. For
the structures containing reactive aggregates, both compressiveandtensile
strengths should be measured. Theindirect tensiletest is especially suited
to testing of coresfrom structures. Because it seeks out the weakest link, it
appearsto giveamoreaccurateindication of the concretedeteriorationthan
measurements of compressive strength.

Further, the inclusion of a Solite aggregate in the lightweight
concrete has several beneficial effects on concrete containing reactive
aggregates. The pozzolanic activity created by the surface of the expanded
shalecanimprovetheinternal integrity beyond that expected from concrete
containing non-reactive aggregates. As well, inclusion of lightweight
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aggregatemoderatesand maintainscompressivestrength andtensilestrength
loss, and reduces the disruptive expansion experienced by concrete con-
taining reactive coarse aggregates. By providing additional pore space to
relievethe pressuresdevel oped duringthe AAR, thelightwei ght aggregate
is capable of reducing the severity and the extent of the reaction itself.
Expansions of similar concrete mixtures have also demonstrated signifi-
cant reductionsin del eteriousexpansionscaused by reactivenormal weight
coarse aggregates. With appropriate addition rates of expanded shale
aggregates, there has been no evidence of cracking or degradation of
engineering properties. It appearsthat the Soliteaggregate playsaduel role,
as both an accommodation mechanism and as arelatively slow acting, but
significant pozzolan.

3.3 Concluding Remarks

Research shows that lightweight aggregate concrete does not
containalkali-sensitive aggregatesasinthecaseof normal weight concrete.
Hence, an akali-silicareaction is avoided to a great extent. Neverthel ess,
it was demonstrated that the inclusion of expanded shale aggregatesin the
lightweight concrete has several beneficial effects on concrete containing
reactive aggregates. The pozzolanic activity created by the surface of the
expanded shale can improve the internal integrity beyond that expected
from concrete containing non-reactive aggregates. As well, inclusion of
lightweight aggregate moderates and maintains compressive strength and
tensile strength loss, and reduces the disruptive expansion experienced by
concrete containing reactive coarse aggregates. By providing additional
pore space to relieve the pressures developed during the AAR, the light-
weight aggregate is capabl e of reducing the severity and the extent of the
reaction itself. Expansions of similar concrete mixtures have also demon-
strated significant reductionsin del eterious expansions caused by reactive
normal weight coarse aggregates. With appropriate addition rates of ex-
panded shale aggregates, no evidence of cracking or degradation of engi-
neering properties has been found.

4.0 CARBONATION AND CORROSION

Concrete, when exposed to the atmosphere, interacts with carbon
dioxidewhichisfoundinnature. Theinteractionismainly withthecalcium
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hydroxidethat was produced during the hydration of portland cement. The
calcium silicate hydrate also reacts with carbon dioxide. This processis
known as carbonation. Calcium hydroxide existsin the pores of concrete.
It provides alkalinity to the concrete and protects the reinforcement bars
from corrosion. In concrete, the pH is normally 13.5, which is from the
alkalisin cement. When carbon dioxidereactswith calcium hydroxide, the
alkalinity isreducedfrom 12.5t08.5, whichismeasured by determiningthe
changeinthe pH value. Carbonation depth isdetermined by measuring the
pH value of the liquid phase in equilibrium with the solid mass. The
carbonation process is shown schematically in Fig. 8.7.[12

Depassivated area
of reinforcement

CO2 CO2 CO2
E(H 20) Z(H 20) Z(H 20)

Concrete surface

Carbonated zone [CaCO 3]

77
[Ca(OH),]
Yo /

Figure 8.7. Schematic representation of the carbonation process.!'2

Non-carbonated
zone

4.1 Chemical Interaction

The basic chemical reaction involved in the carbonation processis
asfollows:

Ca(OH), + CO, — CaCO3 + H,O + qjoules

where g = 2430 J/g of reacted CaO.

Thisreaction takesplacein the presence of moisture,[*3 that is, the
adsorbed CO, gas, coming into contact with water, getsdissol ved and then
penetrates further; while this reaction dominates, others also take place.
Berger, et a1 reported the following reaction:
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C;S + yH,0 + (3-X) CO, — CSyH + (3-X) CaCO,
C,S + yH,0 + (2-x) CO, — CSyH + (2-x) CaCOs,

Carbon dioxide lowers the pH value by forming carbonic acid. It
interacts and forms highly insoluble calcium carbonate. Water containing
aggressive carbon dioxide causes the carbonate in the outer layer to
transform into soluble cal cium bicarbonate.[*°]

Ca(OH), + CO, — CaCO; + H,0
C,S,H; + 3CO, — CaCO, + S, + 3H,0
CaCO, + CO, + H,0 — Ca(HCO,),

Someof thebicarbonatethat isformed |eaches out, whereasasmall amount
penetrates further to react with Ca(OH),.

Ca(HCO,), + Ca(OH), — 2CaCO; + 2H,0

All these reactionstake place only in the presence of water. In the
dry state, the reaction will not take place. This supports the argument that
the carbon dioxide must be dissolved before taking part in the carbonation
reaction. V erbeck!1%l reported that therate of carbonationisextremely high
at relative humidities of 50 to 75% and practically nil at 25 and 100%. At
100% RH, the pores are almost full and dispersion of CO, becomes slower
than when the poresare not asfull of water. Nevertheless, inthelatter case
carbon dioxide can bedispersedinto theinterior asagas. Concrete can also
get damaged under water because of dissolved carbon dioxide. There can
be high levels of carbon dioxide due to decay of plantsin water.[*7! In that
case, the damage is caused by the interaction of carbonic acid.

Apart fromtheinteractionwith calcium hydroxide, carbon dioxide
alsointeractswith hydrated aluminatesand cal ¢ium sul foal uminates, [181119]

C,AH;; +4CO, — 4 CaCO; + 2AI(OH)5 + 10 H,O
While the calcium compounds are converted to carbonates, sodium and

potassium hydroxides rel eased during the cement hydration alsoreact in a
similar manner.[?%
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Normal atmospheric concentration of CO, is0.03%, but it can be
higher depending upon location, for example, inindustrial areas, garages,
etc.

4.2 pH Profile

Asthecarbonation proceeds, different zonesareformed and the pH
variesaccordingly. A pH profileisshownin Fig. 8.8.[21) Carbonation depth
isgenerally measured by noting thechangein col or using aphenolphthalein
indicator. It indicates the change in the pH value and is the measure of
neutralization depth up to a certain pH value (approximately 9.5), but itis
not a measure of carbonation depth. For this reason, when the carbonation
reaction is in progress, pH is between 9.5 and 12.5, farther than the
boundary shown by the color change. It will not be detected by the
phenol phthaleinindicator. The porewater in equilibrium with non-carbon-
ated concrete has a pH that lies in the range of 12.5 to 13.5 due to the
dissolved akalis. The pH fallsasthe carbonation proceeds so that atotally
carbonated layer may have a pH of about 8.3. The intermediate layer
betweenthe carbonated and non-carbonated areas might haveextracal cium
hydroxide, which flows in from the non-carbonated zone due to the
concentration gradient. This zone is actually very susceptible from the
durability point of view.

totally carbonation
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Figure 8.8. Profile of pH in carbonated and non-carbonated concrete.[?!
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4.3 Effect of Cracks

Carbonation can occur in two ways.
1. Surface carbonation.
2. Carbonation through cracks.

The behavior of carbon dioxidein acrack isdifferent from the behavior of
carbon dioxide in contact with a concrete surface. However, there are
similarities in the sense that the chemical reaction will take place under
particular conditions. It will depend upon the concentration of carbon
dioxide, which subsequently will depend upon the source of the carbon
dioxidesupply. Thediffusion coefficientinthe crack will bedifferent from
thatintheair, andfurther, it may not beconstant. It can vary depending upon
thecrack width and therateof carbon dioxide penetration throughthecrack.
The depassivation will follow the crack path, and the rebars will be
corroded inthe nearby areas, whereasaway fromthe crack, therewill be
no corrosion. Therefore, during inspection and control a very careful
mapping is to be done. Strunge and Chatterjil?? have shown that the
corrosion proceedsal ong thecracks(Figs. 8.9and 8.10) inareaswithahigh
number of air voids, along the cracks between aggregates and paste, and
through porousareaswherewater and oxygen, necessary for corrosion, can
reach the reinforcement.

Figure8.9. Surface of concrete, at the top, avery narrow zone of carbonated pasteis seen
(pk). Along crack (c), perpendicular to the surface, the cement pasteiscarbonated, (area3.7
x 2.8 units).[2d
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Figure8.10. Areaof thesampleabout 20 mmfromthesurface. Thepaste (pc) iscarbonated
along crack (c), (areaof 3.7 x 2.8 units).[?d

Thus, the carbonation process depends upon the rate of carbon
dioxidepenetrationintotheconcretestructure. Thiswill begoverned by the
porosity of concrete, i.e., the microstructure of concrete.

Unlikenormal concrete, the microstructure of LWA Cdepends not
only onthe composition of cement paste, but also onthetype of lightweight
aggregates used. Because the sintered lightweight aggregates have poz-
zolanic reactivity, calcium hydroxide produced during cement hydration
interacts with the pozzolanic material and produces calcium silicate hy-
drates. The microstructure is densified, and the free calcium hydroxide
decreases. Different typesof aggregateshavedifferent reactivities, accord-
ingly thecarbonation variesfromaggregateto aggregate. LWAsareporous,
thereby they absorb water. Thus, the moisture in the structure of concrete
is higher, which favors carbonation. Due to this, the carbonation in the
LWAC ishigher than that of normal concrete. High strength LWAC hasa
very dense matrix which consequently decreases the permeability. Hence,
thecarbonation depthsignificantly decreasesand so doesthereinforcement
corrosion. Another method of decreasing the carbonation istoincreasethe
thickness of the reinforcement cover over concrete.
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The depassivating action has been well documented by many
authors.?1(23] The carbonation depth increases with time, but most of the
studies have been made over a short time.[?4l[%5] Nevertheless, analytical
approaches based on short-term test results have also been developed to
predict the rate of carbonation as afunction of these primary variabl es.[2]

Most of the carbonation tests are performed in the laboratory for a
short time. The samples are normally cured and the carbonation depth is
measured at different intervals. Sometimes, accelerated tests are done
wherethetest specimensare steam cured and are placed in achamber inan
atmosphere of carbon dioxide. The carbonation depth is measured on the
fractured surface of the samples at any particular time.

Accel erated testsmay changethe mechanism of thereaction, partly
due to the change in the microstructure by steam curing and partly due to
the forced carbonation. What is missing very often is the verification of
these predictions of carbonation with the mature concretesin service.

Apart from phenol phthalein, carbonationisal so assessed by deter-
mining the free calcium hydroxide. The more carbonation, the less free
calcium hydroxide there will be. This is determined by measuring the
amount of soluble calcium hydroxide in an ethylene glycol solution.[?”]

4.4  Determination of Free Calcium Hydroxide

As described earlier in Sec. 3.3, the pozzolanic reaction and the
microstructure of lightweight aggregate concrete depends upon the type of
aggregate, cement-to-aggregateratio, water-to-binder ratio, and thecuring
conditions. A study was made by Bremner, et al.,[?”l where mortar speci-
mens were made with two fractions of LWA, 0-1.2 mm and 1.2-5 mm,
which were combined in the ratio of 2:1. The fine aggregates were
produced in St. Petersburg and Moscow. Comparison was done with the
mortar samplesmade using quartz sand. The composition of the aggregates
isshown in Table 8.2.

Mortar cubesweremadewith acement-to-sandratioof 1:1and 1:5.
Water was added to obtain the same relative flow for all mixes. After 24
hours, half the cubeswere stripped and then cured at 100% RH for 14 days
and at 75% RH thereafter. The other half of the cubeswas subjected to the
standard steam-curing cycle, typical of plants producing precast concrete
housing components, and was cured at 75% RH at room temperature.
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Table 8.2. Composition of Cement and Fine Aggregates?’]
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LWA- LWA-

Cement St. Petersburg M oscow
Losson 3.25 0.47 4.8

ignition

SO, 24.0 63.68 71.0
Fe, 0, 34 7.61 4.7
Al,Oq4 3.67 17.96 135
CaO 62.21 1.53 1.0
MgO 4.26 39 1.6
SO, 2.06 0.08 —
K,O 0.44 5.19 —
Na,0 0.1 0.06 —
Free CaO Trace 0 4.0

The kinetics of bonding of calcium hydroxide as an index of
reduced pH was used to evaluate the corrosion potential of steel in the
concrete. The ethylene glycol test method was used to determine the
amounts of calcium hydroxide present and, for convenience, expressed as
apercentage of total CaO presentinthemix. After 28 daysand after 3years
curing, the amount of calcium hydroxide was determined. The results of
these tests are shown in Table 8.3.

Table 8.3. CaSolublein Ethylene Glycol Expressed as Percent!?”]

Fine Aggregate
Mix C?:Trfgt/ Curing LWA LWA
uartz
No. Agor. Method | Q St.P M oscow
28 3 28 3 28 3
days|years|days|years|days | years
1 1.1 Moist 60| 38 [ 37 20 | 45 (| 30
2 1.5 Moist — | — |02 02|08 ]| 08
3 1.1 Steam 8780 [41] 35 |30 | 25
4 15 Steam — | — 16| 1.2 | 09 04
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Table 8.3 shows that with the increase in the proportion of fine
LWA, mixes2and 4, thefreecal cium hydroxidedecreaseswhenthecement
content isthe same.[281129] |t isbecause of theincreased pozzolanic reaction.
The steam-cured sample decreased the carbonation because of the drying
effect during the steam curing. That is, the samples have alower moisture
content. This agrees with the hypotheses mentioned in Sec. 4.1. Table 8.3
al so showsthat the carbonation did increase with timeasthereisno change
intheamount of soluble calcium hydroxide. Inthe case of steam curing, the
reaction occursto agreater extent over time. Further, the aggregates from
St. Petersburg reacted more when moist-cured compared to the samples
having quartz sand and the samples made with the aggregates from
Moscow. This is indicated by the presence of more soluble calcium
hydroxide. But in steam curing, the reaction increased with timefor all the
aggregates, except in the case of the aggregates from Moscow where the
freecalcium hydroxidedecreased to half after 3 yearscompared to 28 days.
Themajor differenceisinthesilica, alkali, andfree CaO contentsinthefine
LWA. Though the silicacontent ishigher in the aggregates from Moscow,
thereis more free CaO, whereas in the aggregates from St. Petersburg the
free CaO content is zero. This makes the aggregates from St. Petersburg
more reactive.

In addition to the loss of pH due to the pozzolanic action of the
LWA, the effect of various environments on concrete carbonation was
studied. The composition of concrete and the pH after differentintervalsis
shown in Table 8.4.

The 100 mm cubeswere steam-cured and placed in an accel erated
test chamber with a carbon dioxide content of 10% by volume and an RH
of 75%. All the concretes were mixed so as to produce the same slump as
the concrete made from the normal weight aggregates and with awater-to-
cement ratio of 0.4. The depth of carbonation after 30 days in the test
chamber isgivenin Table 8.5.

The concretewith alow density had ahigher carbonation (Mix A)
because of the more open pore structure. Replacement of quartz in the
concrete having the same strength increases carbonation. It may be dueto
the increase in the air void volume which aids the penetration of carbon
dioxide.



Table 8.4. Concrete Composition, Compressive Strength, and pH Measured in Fluid Phasel?”]

Mi ) Lightweight pH
Ncl)x CsotTB Cement Quartz | Granite Aggregate _ .

FA2 CAP FA CA Mixing | Steam Curing | 9months| 1.5years
1 10 250 — — 395 515 12.8 11.5-11.8 10.8-11.0( 10.5-10.8
2 20 300 — — 445 595 12.8 11.8-12.0 10.8-11.5| 10.5-11.2
3 20 300 530 — — 595 13.0 11.8-12.2 10.8-12.3| 11.8-12.1
4 30 380 — — 445 595 12.8 12.5-13.0 11.9-12.2( 11.9-12.1
5 30 380 530 — — 595 13.2 12.8-13.5 12.0-12.1| 12.0-12.1
6 20 307 830 1240 | — 595 13.8 12.8-13.5 12.2-12.5( 12.0-12.5

a—+FA-fine aggregates, b—CA -coarse aggregates, c—Comp. Str.-compressive strength in MPa
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Table 8.5. Compressive Strength, Type of Aggregates, and Carbonation
Depth Sites'?"]

Mix Compressive Type of Aggregate Carbonation
Strength, MPa Fine, FA Coarse, CA Depth, mm

A 10 Lightweight | Lightweight >30

B 20 Lightweight | Lightweight 15

C 20 Quartz Lightweight 20

D 30 Lightweight | Lightweight 13

E 30 Quartz Lightweight 17

F 20 Quartz Granite 18

Theresultsfrom the accel erated test were substantiated by expos-
ing @100 x 100 x 300 prism of the same composition astested earlier, but
withreinforcing bars. Thesewere placed in three different places. Thefirst
was placed ontheroof of aresearchinstitutein Moscow and eval uated after
5 years of exposure (Exposure A). A second set of specimens was placed
inabuilding confining dairy cattle (Exposure B). A third set wasplaced in
achemical plant (ExposureC). Thesecond and third setsof specimenswere
evaluated after threeyearsof exposure. Average ambient relative humidity
in Moscow is normally about 75%, in the agriculture building about 80%,
and in the chemical plant about 95%. The results are shown in Table 8.6.

Table 8.6. Carbonation Depth in mm for Field Exposure Sites

. Exposure A Exposure B Exposure C

'Klk')x Roof Agriculture Chem. Plant
75% RH 80% RH 95% RH

1 45-50 6 3540

2 4 0.5 25

3 6 20 1.0

4 4 0.5 15

5 2 05 1.0

6 6 25 5.0




Section 4.0 - Carbonation and Corrosion 253

Asin the previous work, the specimens were broken at the end of
the test program and the steel examined for corrasion. Only the concrete
with mix no. 1 had significant corrosion. Some pitting was noted in the
concretes made with mixes no. 2 and 6. For mix no. 2, the specimen
appeared to be improperly consolidated in the region where corrosion had
taken place.

Both the accelerated and the field tests have shown that the
carbonation depth is less with lightweight aggregate concrete compared
with normal concrete. Thisis attributed to a good quality of matrix (high
strength concrete with a low water-to-cement ratio). This is essential if
corrosion of steel isto be avoided.

45 Carbonation Test in the Laboratory

Carbonation depths of lightweight aggregate concrete of category
X-concrete and 3L-concrete, devel oped at Chalmers University, was mea-
sured on 15 cm cubes. These cubes were cured at 20°C and 55% RH for 1
year. Carbonation depth was measured by phenolphthalein. The composi-
tion of concretes and the carbonation depths are shown in Table 8.7.

Table 8.7. Composition and Carbonation Depths of LWACI30

Ingredients K40 XL XT XB 3L
Cement 399 270 310 300 342
Water 184 133 156 149 176
CEMOS 0 3 3 3 3
Aggregate: -8 988 0 0 0 0
Stones: 8-16 749 0 0 0 0
Sand: 0-2 0 184 246 257 422
Leca™: 24 0 0 0 0 241
Leca™: 4-8 0 0 0 0 165
Pumice 0 483 538 485 0
Polystyrene 0 7 4 5 0
Strength 46.4 7.3 10.7 96 254
Density 2335 870 1050 | 1015 | 1360
Carbonation depth 3 8 10 11 2
The ingredients mentioned are in kg/m* and carbonation depth
inmm.
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The carbonation depth of 3L concrete is lower than that of the
normal K40 concrete even though the density and the strength are lower
than the normal K40 concrete. This is attributed to the modified pore
structure achieved by the addition of polymer CEM OS and the pozzolanic
reaction between the cement and Leca™ sintered clay aggregates. But this
does not hold true in the case of concretes XL, XT, and XB, the concretes
made with the volcanic aggregate pumice and polystyrene. It may be
because of the very high suction of water and carbon dioxide by the pumice
and carbon dioxide by polystyrene aggregates.

4.6 Field Performance

The above laboratory work was supplemented by afield study of
structures made some 1618 years ago where brick, normal weight con-
crete, and structural grade LWAC were used at various locations for
exterior wall panelsfor chemical plants producing potassium fertilizer for
agriculture.

Thestructural lightweight aggregate concrete panelswerein good
condition, whereas the brick and normal weight concrete panels were in
various states of distress.

Field studies of some of the ships and bridges incorporating
structural LWAC were done by Holm, et a.,[3 McLaughlin,*? and
Ohuchi, et al.,[33 for durability with particular attention given to depth of
carbonation. The profile of the carbonation front was determined for these
mature structuresin or over sea water.

L ocation of the samplesfrom the structures, concrete data, and the
depth of carbonation are shown in Table 8.8. Both fine and coarse light-
weight aggregates were used in making LWAC.

Therelationship between density, strength, and carbonation depth
can be clearly seen. Higher density and higher strength concretes, which
generally indicates dense pore structure, have less permeability and hinder
the penetration of carbon dioxide. The carbonation depthismuch higherin
the samples from Japan even though the concrete had higher density
compared with the concrete in the bridge at Annapolis. This must have
something to do with the environmental conditions.



Table 8.8. Field Measurement of the Depth of Carbonation!34

Location and | Structure and Concrete Data Depth of Carbonation, Ke
Reference Age (Strength and Density) (mm) (in) (mmAyrs)
All LWC (35 MPa, 1730 kg/m")
Cape Charles CWorldthL.II (A) Hull Bulkhead 1(.04) 0.2
VAR? Ofé‘gi Zars IPS | (B) Wing-wall 1 (.04) 0.2
(C) Superstructure Deck-Top 1(.04) 0.2
(D) Superstructure Deck-Bottom 2 (.08) 0.3
All LWC (24 MPa, 1650 kg/m")
Annapolis, MD 4 Mile (A) Top Surface, Truss Span 1 (.04) 0.2
CheBsape]ake Multi-span Bridge | (g) Bottom Surface, Truss span 5 (.20) 0.8
a
y 35 Years (C) Top Surface, Approach Span 8 (.31) 1.4
(D) Bottom Surface, Approach Span 13 (.51) 2.2
NY® Interchange
(Not over Bridge (A) Exposed Top Deck 5 (.20) 1.3
Seawater) 15 Years (B) Bottom Surface 10 (.39) 2.6
3
Japan[33] Bridges Viaducts, Sanded LWC (23 MPa, 1820 kg/m”) 16 (.63) 3.7
19 Years Sanded LWC (26 MPa) 18 (.71) 41
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From Table8.9, theinsulating concreteismore carbonated thanthe
other structural concretes. This effect is more pronounced in the outdoor
exposure of non-structural lightweight aggregate concrete. It is attributed
to the higher water-to-binder ratio | eading to amore open structure, making
penetration of carbon dioxide easy.

4.7 Measurement of Carbonation Depths: Field and
Laboratory Studies

Outdoor exposure testing of the rate of carbonation has been
carried out by Grimer?¥ and Shulze and Gunzler.?d Their results are
summarizedin Table8.9. Theseresultsessentially confirmthedatain Table
8.8, with respect to tests on structures, in that carbonation rates arelow in
high strength concretes. Nevertheless, their carbonation coefficients are
dlightly higher than those givenin Table 8.8, probably reflecting thelower
moisture environment at the sites. It ismentioned in Sec. 4.1 that moisture
is essential for carbonation to proceed.

To provideinformation on the behavior of low moisture exposure,
a sanded lightweight concrete (made with natural sand for the fine aggre-
gate fraction and expanded aggregate for the coarse) cylinder from the
Newburgh-Beacon BridgeinNew Y ork wasstoredinlaboratory air for over
four years (Table 8.9). Even with relatively severe drying conditions the
carbonation coefficient K. was only 3 for thismoderate-strength concrete,
indicating that neither very dry nor very damp conditions are conducive to
rapid carbonation.[3!

Theeffect of strength and density on carbonation depth can be seen
inthelast part of Table 8.9, which covers specimensstored in alaboratory,
in Richmond, VA, for over 20 years. Physical and engineering properties
are shown in Table 8.10. The carbonation depth was measured on the
fractured surfacesaccordingto ASTM 496. Theresultsclearly indicatethat
an increased rate of carbonation occursin low-strength concrete in a dry
environment.

TheBuilding Research Establishment (BRE) inthe UK carriesout
long time performance tests at Shoeburyness,31 which is situated four
miles(6.5km) east of theriver Thameseastuary intheUK. TheBRE marine
site has spray, tidal, and full immersion zones. The pH of the sea water
variesbetween 7.9 and 8.2. Thedetail s of thetest method and environmen-
tal conditions are described by Osborne.[d]



Table 8.9. Laboratory Studies of the Depth of Carbonation

Comp.

Depth of

Study and Density, Years X Ke,
Refe?/ence Concrete Data wic kg/m3 (pycf) I\S/Itézn(%g}j Age C?:T?r?]r;%t:;n’ (m m/zlyrs)
Structural
UK BREZ4 | 1:5 Sand and Gravel 0.6 | 2350 (147) | 30 (4350) 6 3(.12) 1.2
1:5 Structural LWC 0.9 |1710(107) | 27 (3920) 6 3(.12) 1.2
Grimer” 1:5 Insulating LWC 0.8 | 1620 (101) | 22 (3190) 4 (.16) 1.6
Outdoor Non-Structural
Exposure |1:9 Sand & Gravel 0.95 | 2290 (143) | 15 (2180) 6 15 (.59) 6.1
Site 1:9 Structural LWC 1.42 | 1630 (102) | 18 (2610) 6 15 (.59) 6.1
1:9 Insulating LWC 1.4 1500 (94) | 7 (1020) 6 20 (.79) 8.2
LWC A Cement 550 kg/m" 0.5 | 1680 (105) | 44 (6380) 1 2 (.08) 2
LWC A 430 0.65 | 1620 (101) | 35 (5080) 1 4 (.16) 4
East _|LWCA 355 0.8 | 1600 (100) | 30 (4350) 1 7 (.28) 7
Gg&'t‘gggr LWC B 430 0.5 | 1420 (89) | 30 (4350) 1 1.5 (.06) 15
Exposure | -WCB 360 0.65 | 1380 (86) | 24 (3480) 1 5 (.20) 5
Site LWC C 475 0.5 1580 (99) | 40 (5800) 1 2.5 (.10) 25
LWC C 380 0.65 | 1560 (97) | 34 (4930) 1 4 (.16) 4
LWC C 330 0.8 1520 (95) | 28 (4060) 1 7 (.28) 7

(Cont’d.)




Table8.9. (Cont'd.)

Density, Comp. Depth of
Steligileﬁgg Concrete Data wiC kg/my Strength, Y:a(ras Carbonation, (mmK/fj' rs)
(pcf) | MPa (psi) | 9 (mm) (in) y
Newburgh- [150 @ x 300 mm Test cylinder
Beacon .
Bridge, Ny |Sanded LWC Bridge Deck 0.5 {1800 (112)| 31 (4500) 2 (.08) 1
Lab Air 1800 (112) | 31 (4500) 6 (.24) 3
Sand & Gravel Str. Concrete 0.54 | 2200 (137) | 24 (3480) 20 23 (.91) 5.1
Richmond, | All LWC Str. Concrete 0.5 |1600 (100)| 23 (334) 20 23 (.91) 5.1
C(\)/r/; fg't')tiir Sanded LWC Str. Concrete 0.53 | 1810 (113)| 25 (3630) | 20 24 (.94) 5.4
(Table 3.10) |High Air Ex. Sh. Ins. Concrete 0.6 1310 (82) | 9(1310) 20 32 + (1.26+) 7.2+
Perlite Insulating Concrete 1.35 600 (37) 2 (290) 20 32 + (1.26+) 7.2+




Table 8.10. Carbonation Depth Studies of Twenty Y ear Old Concrete of Varying Compositions and Materials

Concrete Type
Mix Composition

Mix Number
1 2 3 4 5
Structural Structural Structural Insulating Insulating
Concrete Concrete Concrete Concrete Concrete

Coarse Ag%regate Type
(kg/m”) (pcy)

Gravel 1068 (1800)

SLWA 445 (750)

SLWA 549 (925)

SLWA 415 (700)

Fine Aggregate Type Nat Sand 712 Nat Sand 718 SLWA 771 SLWA 653
(ka/m") (pcy) (1200) (1210) (1300) (1100) ILWA 142 (240)
Cement (kg/m3) (pcy) 335 (564) 377 (635) 335 (564) 223 (376) 335 (564)
Water (kg/m®) (pcy) 182 (307) 178 (300) 178 (300) 135 (228) 452 (762)
WIC 0.54 0.47 0.53 0.61 1.35
. 3
Fresh De(gi'ft)y (kg/m’) 2290 (143) 1730 (108) 1870 (117) 1420 (89) 920 (57)
. 3
Density Z?p‘i"]i‘)ys (kg/m’) 2240 (140) 1610 (100) 1820 (114) 1322 (82) 660 (41)

(Cont’d.)




Table 8.10. (Cont’'d.)

Mix Number
Concrete Type Mix 1 2 3 4 5
Composition Structural Structural Structural Insulating Insulating
Concrete Concrete Concrete Concrete Concrete
Air Content (%) 5 7 5 21 —
Slump (mm) (in) 125 (5) 125 (5) 125 (5) 125 (5) 125 (5)
Strength at 28 Days
(MPa) (psi) 25.2 (3650) | 25.4(3680) | 23.8 (3450) 9.4 (1360) 1.9 (280)
Carbonation Depth ave. | 54 o) 23 (.91) 24(94) | 32+(1.264) | 32+(1.264)
(mm) (in)
Carbonation COEF. K¢ 5.1 5.1 5.4 7.2+ 7.2+
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Structural high-strength concretes tested by Osborne,%8! after 5
years of exposure in the spray zone at Shoeburyness, showed very low
depthsof carbonation, generally below 1 mm, with the exception of thelow
cement content (280 kg/m?3) sintered fly ash aggregate concrete, which has
carbonatedtoadepth of 3.5mm. However at 10years, carbonation had only
progressed to 4 mm in this concrete, with all other lightweight and dense
aggregate concretes just over 1 mm. These data indicate that for all
concretes, even thelower cement content PFA aggregate concrete, carbon-
ationisnot likely tobeaprobleminfairly high humidity environmentssuch
asaspray zonesite. Littleor no carbonation was observedinthetidal zone.
Concrete prisms containing rebar for 15 years had somerusting at the ends
of some of the rebar, due to chloride corrosion.

Bilodeau, et al.,[*¥ have also shown that the carbonation depth of
high strength lightweight aggregate concrete is very low. The depth of
carbonation of the concrete was determined on broken portions of the
prismsusedfor drying shrinkage measurementsafter 448 daysof air drying,
using the phenolphthalein test.

The depth of carbonation, as determined by the phenolphthalein
test, wasnegligiblefor all the concretesinvestigated. Thisisdueto thelow
permesability of the concrete resulting from its low W/C, and the use of a
blended cement incorporating silicafume. Thedepth of carbonationfor the
laboratory specimensand the exposed lightweight structuresareillustrated
inFigs. 8.11 and 8.12.
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Figure 8.11. Measured depth of carbonation (mm) of lightweight concrete, laboratory
samples.[34
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Figure 8.12. Measured depth of carbonation (mm) of exposed lightweight concrete
structures.[34

4.8 Permeability and Corrosion Protection

Laboratory testing of normal weight and lightweight concrete
indicates that, in the unstressed state, the two concretes are about equal.
However, at higher levels of stress, the lightweight concrete can beloaded
to a higher percentage of its ultimate compressive strength than normal
weight concrete can, before the microcracking causes a sharp increase in
permeability.[1415] |aboratory testing fails to take into account the more
robust conditions that exist in the field, particularly at an early age. In the
laboratory, the concreteis maintained at aconstant temperature, thereisno
significant shrinkage restraint, and field-imposed stress is absent, al of
which need to be accounted for. The water initially absorbed by the
lightweight aggregate prior to mixing can providewater for extended moist
curing. Thewater tendsto wick out fromthecourseaggregate poresintothe
finer capillary poresin the cement paste, thereby extending moist curing.
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4.9 Concluding Remarks
Carbonation depends upon the type of cement, cement-to-aggre-
gateratio, type of aggregates, type of curing conditions, and the environ-
mental conditionstowhichtheconcreteisexposed. It a sodependsuponthe
reactivity of the aggregates, especially if they are used as fine aggregates.
The carbonation lowers the pH value of the pore solution, neutralizes the
protective film, and may lead to the corrosion of the reinforcement.
Thecarbonation depthsregisteredin Table8.10 are summarizedin
Table 8.11.13% The time needed for carbonation depth to reach the rein-
forcement steel isrelated to thethickness of the concrete cover. Thegreater
the thickness, the longer the time required for reinforcement corrosion.
Further, insulating and non-structural concretes have higher carbonation
rates. The higher water-to-cement ratio leads to a more open structure,
which enhances the penetration of carbon dioxide.

Table8.11. Estimate of Timein Y earsfor Carbonation to Reach Reinforc-
ing Steel (34

Exposed Mature .
. Insulating and
Concrete Applications Marine Non-Structural
Structures, Concretes
Bridge Decks
Concrete Inspection Continuous No
Concrete Quality High Low
As Measured by W/C Ratio <0.45 > 0.65
As Measured by Compressive > 30 MPa <20 MPa
Strength (4350 psi) (2900 psi)
Maximum Rate of Carbonation 2+ g
Kc = dc/tin (mm/yyrs)
Concrete Cover of 20 mm
(0.78 in) 25 Years 6 Years
Concr_ete Cover of 30 mm 56 Years 14 Years
(1.18in)
Concr_ete Cover of 40 mm 100 Years 25 Years
(1.58in)

* Asobserved from field measurements of mature marine structures.
** Asobserved from laboratory specimens.
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The quality of concrete, with respect to its resistance to the
penetration of carbonation, may be categorized by maximum anticipated
carbonation coefficients of 4 and 8. This approach, for specific depths of
cover, can givean estimate of the period during which corrosionwill not be
initiated by carbonationfactors. Theratesof carbonationareshownin Figs.
8.11 and 8.12.

5.0 CHLORIDE ION PENETRATION

Chlorideionspenetrate concreteand react with calcium hydroxide
and calcium aluminate. With calcium hydroxide, the reaction forms cal-
cium chloride which, being soluble in water, leaches out. With calcium
aluminate, it formstheexpansivedoublesat C;A-CaCl,-H,Oif theconcen-
tration of CaCl, is higher than the surroundings. It leads to microcrack
formation making easy penetration of chlorideions. The chloride penetra-
tion is fast in the beginning, later it sSlows down. In an experiment the
Cl:Ca0 ratio stabilized after three months of exposure to salt solution.[4C)
Thelevelsreached were proportional to the chloride content of the aggres-
sive solution used in the test. They showed that it is not only the chloride
that playsarole, itisthepH of thesolution that isresponsiblefor thebinding
of chlorides and leaching of Ca(OH),. At pH 13, the leaching of Ca(OH),
wasvery small and theamount of bound chloridedid not vary much. At pH
11.5, there was simultaneous dissol ution of chloride and calcium ions.

In the case of simultaneous CO, and sulfate attack, these salts
decompose and chloride ions are released. There are some synergetic
effectsof carbonationand chlorideioningressthat |ead to much morerapid
corrosion than would be caused by these two phenomenaindividually.[*!
Corrosion of reinforcement steel occurs in the presence of oxygen and
water, but the saturation degree of oxygen decreasesin the presence of the
chlorideions. Thiscould beareasonwhy thereisalack of corrosion of steel
reinforcement even in the presence of the high chloride concentration.[*?
The existence of crevicesat the steel/concrete interface providesalow-pH
condition. Thisispresented asapossible explanation for corrosion without
oxygen. The process is summarized below:

» Differential aeration cellsaregeneratedincreviceswhere
oxygen is consumed.
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+ Cl-migratesinto crevices, offsetting Fe?* ions and acidi-
fication of crevices.

» Passivity is destroyed with the acidification.

» Corrosion continues due to the cyclic catalytic mecha-
nism. Thepresence of oxygenisnecessary only toinitiate
the process and chloride is necessary to cause the
acidification.

In the presence of chloride, a basic iron chloride is formed,
3Fe(OH),-FeCl,, which later decomposes and forms [-FeO-OH
(akaganite).l*3 Leaching of salt increases the porosity and permeability of
concreteand weakensthebond between theaggregate and thecement paste.
Consequently, the strength of concrete decreases. An increase in porosity
and permeability acceleratesthe anodic and cathodic reactions. Excluding
all other factors, chloride aloneis not sufficient to initiate steel corrosion.

Duetothesereactions, Ca(OH), isremoved fromthevicinity of the
reinforcing steel, pH falls below 11, hydroxide protective films are de-
stroyed, and the anodic process progresses.

In practice, the interaction between oxygen, water, and chloride
ions is complex. Different chloride salts behave in different ways. For
example, CaCl, creates a more open pore structure, allowing an easier
diffusion and reduction in pH of the pore solution, whereas other alkali
chlorides (NaCl and KCl) enhance the porosity to a lower extent and, in
general, increasethe pH of the pore solution. Thereisalso apossihility that
ion exchange will take place with K and Na ions. Therefore, CaCl, is
considered to be more deleterious than NaCl or KCI. The diffusion
coefficient of chloride ions depends on the cation and decreases in the
following order:

MgCl, > CaCl,> KCI > NaCl

5.1 Lightweight Aggregate Concrete

Lightweight aggregateconcrete, duetoitslow density, isbecoming
attractive in off-shore construction. However, it requires concrete of high
strength and good durability, especially aresi stanceto chlorideion penetra-
tion astheatmosphereischloride-laden. Although LWA C has shown good
performance,*! thereisrel uctanceto useit because of durability problems.
The obvious reason for this reluctance is most often the assumed higher
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permeability of the LWAC, hence, the expected lower resistance against
chlorideion penetration. High strength structural LWAC can be produced
either by using high strength mortars which will compensate for the low
strength of the LWA, by using high strength LWA, or both. High strength
mortarsare dense, thushavelow permeability. Thisisexpected to enhance
the resistance to chloride ion penetration.

Most of the tests for measuring chloride ion penetration are
performed in the laboratory. These results are difficult to translate to the
chlorideingressinconcrete exposed tothenatural environmental condition
where, apart from other parameters, temperature and humidity frequently
vary. Thisisone of thereasonswhy, in spite of the excellent |aboratory test
results, concrete getsdamaged on outdoor exposure. The problem seemsto
be that it is not easy to make a test procedure which resembles the field
conditions, i.e., the size of the specimens, exposure conditions, and the
testing time.

Theproblem of chlorideingressof normal aggregate concreteisnot
resolved wherethe aggregatesdo not interferein the hydration processand
in the building of the microstructure. It ismore difficult to understand this
in the case of LWAC asthe concrete is made of aggregates whichvary in
their material and structural properties such as density, voids, and absorp-
tion. Chloride ingress has been tested on the LWAC made with different
typesof aggregatesproduced in different ways. Someof thetestshavebeen
performedinthelaboratory onsmall samplesfor ashort timeand sometests
havebeen carried out on the beamswhich have been exposedto temperature
and humidity cyclesfor alongtime. Testshaveal so beenperformedinfield
conditions for longer time. Some of the tests are described here.

5.2 Laboratory Tests

Bilodeau, et al.,[3% tested chlorideion permeability of LWAC
made with different types of aggregates. The maximum size of the aggre-
gatewas 12.5 mm and the grading wasin accordanceto the ASTM 330, the
standard specification for LWA for structural concrete. The properties of
LWA aregivenin Table8.12. Thefineaggregatewasanatural sand having
aspecific gravity of 2.70 and awater absorption of 0.8%. The concretewas
made using a sulfonated naphthalene formaldehyde condensate liquid
superplasticizer and an air-entraining agent. Polypropylene fibers, 20 mm
inlength, were used in one batch. Canadian blended cement incorporating
8% silicafume was used in this investigation.
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Table 8.12. Physical Properties of LWAI3I

R(I):zjrged Void Specific Gravity
No.| Unit |Content,| Bulk |Bulk [Apparent Absogp“‘)”’
Weight, | % SsD %
kg/m?
I | 850 427 | 148 | 156| 1.60 5.2
| o910 371 | 145 | 164| 179 13.1
m | 780 428 | 137 | 155| 168 13.4
v | 870 394 | 144 | 159| 170 10.3
v | 760 410 | 129 | 158 | 181 226
vi | 860 422 | 149 | 167| 182 12.6

The mixture proportion of concreteisshownin Table8.13 and the
physical properties are shown in Table 8.14. Altogether, six mixes were
made of each mixture, but only two are presented here, Batch A and Batch
EF—with and without fibers. The samples were cast, demolded after one
day, and transferred to 100% relative humidity until the test. At 28 days,
rapid chloride ion permeability was tested according to ASTM 1202 on
discs cut from 102 x 203 mm cylinders from Batch A.

The resistance of concrete to the chloride ion penetration, ex-
pressed in coulombs, ranged from 265 to 742.13% The concrete made with
aggregate | demonstrated the highest resistance (lowest coulomb value),
whereasthe concrete made with aggregate V showed the lowest resistance
(highest coulomb value). Nevertheless, according to the ASTM C 1202
rating system, all the concretesinvestigated demonstrated very low perme-
ability to chloride ions with values lower than 1000.

These excellent results are probably due to the high density of the
aggregate, which hasadense structure and lessvoid contents. Thisreflects
on the absorption characteristics of the aggregate (Table 8.12). It subse-
guently influencesthe effective water-to-cement ratio, as can be seen from
the slump (Table 8.13) and the compressive strength (Table 8.14). Densi-
fication of the microstructure is also due to the use of silicafume, which
works partly as a pozzolanic material and partly as afiller.
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Table 8.13. Mixture Proportion of LWA Concretel®

AEAP [ Spc Fibers, Slump,
No. | Batch | LWA® | \yyms | 1jms kg/m?3 mm
1 A | 85 8.9 0 90
EF 55 50 15 135
2 A I 55 59 0 190
EF 45 4.5 15 80
3 A [l 40 6.2 0 100
EF 45 44 15 115
4 A v 40 58 0 140
5 A \% 40 3.3 0 170
6 A V 165 7.0 0 145
a-LWA-lightweight aggregate, b-AEA—air-entraining agent, c-SP—superplasticizer

Table 8.14. Physical Properties of Concretel?)

Air, [Density,| Compressive Strength, M Pa
No | Batch [LWA | o4 | kgm3 [1d | 7d [28d [ 91d [365d
1 A I 1917 | 5241 61.1(63.3 679|713
EF 55 1922 63.2
2 A I 1947 | 489 59.4 ( 67.7 | 72.7 | 76.0
EF 55 1885 71.9
3 A Il 55 1900 | 41.4| 52.1(56.3 | 59.6 | 61.3
EF 1895 53.9
4 A v 53 1935 | 42.7| 53.2| 61.6 | 61.6 | 63.3
5 A V 4.5 1920 | 41.1| 48.3(50.1 | 50.8 | 52.4
6 A VI 45 | 2000 | 40.7| 51.4|57.5|59.8 | na

The results of the concrete made with aggregate | is probably an
indication that the concrete had the lowest effective water-to-cement ratio
(lowest absorption of aggregates, Table 8.12) and low slump (Table 8.13.
No. 1, Batch A) and the densest cement mortar. Table 8.14 showsthe high
compressive strength, and the lowest coulomb values, i.e., the highest
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resistancetothechlorideionpenetration. Similarly, theconcretemadewith
the aggregate V had the highest coulomb values, i.e., the lowest resistance
to the chloride ion penetration. Thisis attributed to the low density of the
aggregates, high void contents, and high absorptionresultingin high slump
and low strength. Concrete of high permeability is produced.

Inthetestscarried out by Bilodeau, et a .,[%% the chlorideionswere
measured at one temperature and the concrete was cured at room tempera-
ture. In an experiment performed under the LightCon project,!*d the
sampleswerecured at 20°C, and semi-adiabatically cured upto amaximum
temperature of 65°C and 95°C, respectively. The samples were then
submerged intoindoor tanks of seawater. Thechlorideion penetrationwas
measured at different intervals up to two years. The curing temperature of
concrete did not have a significant impact on the chloride ingress (Fig.
8.13 and 8.14). These results seemed to be surprising, prompting further
investigation.

Further investigationwasdoneinanother project under L ettk on.[4°]
Thisentailed both laboratory tests and tests performed in connection with
the construction of the Stolma bridge and Rostsundet bridge. The mix
proportion of concrete is shown in Table 8.15. The samples were cured at
35-40°C(tobecalled“cold”) and at 70°C (tobecalled“warm™). A chloride
profile is made through measurement of the chloride concentration in
concrete taken in increasing depths, measured from the concrete surface.
Based upon thetime of exposure, the diffusion coefficient (D) iscal cul ated
using Fick’'s second law. The calculation aso gives C,, which is the
theoretical chloride concentration in the surface of concrete.

Effect of Curing Temperature and Exposure Time on Cg

k) 1.00 '
g 080 — w=p | | =—*—20deg. Ccuring
] g 0.60 "‘ ™ . - '—=‘_ = 4 = 65deg. Ccuring
< 040 L b - _
O 0.2 z ~—#—95 deg. C curing
14 0.00+

0 200 400 600 800

Exposure Time (days)

Figure8.13. Effect of curing temperature conditionsand exposuretimeon surfacechloride
content C,, mean val ues from different mixes.[*°)
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Curing Temperatures 20°
and Semiadiabatic to 65° and 95°C

cE < 20°C

S o

» o m65°C

g t ]

£ 495°C
(&)

Exposure Time (year)

Figure 8.14. Effect of curing temperature on diffusion coefficient D.[]

Table 8.15. Mixes in the LettKon Project(*”]

) Stolma |Rostsundet
Mix Name LAO | LA8| LN |LS Bridge | Bridge
Cement, NORCEM, | 475 | 410 | 400 422 430

anlegg
Silicafume 0 33 32 37 25
Slag cement 475
Sand 663 | 685 | 900 | 663 784 774
LWA, Leca™ 510 | 520 510 510 584
Normal WA 880
Effective water 190 | 190 | 190 | 190 173 173
Effective 033 | 0.33| 045]0.33| 0.36 0.36
water/binder ratio
Density 1900 | 1900 2400| 1900| 2000 200
The values given arein kg/m®

Note that for the separate mixes, C, and D diverge for the tests
which have been warm and cold cured. There is atendency that C,and D
diverge in both directions. C, was, in general, higher for cold than warm
curing, which makes the warm curing best. On the other hand, D was, in
general, lower for cold than for warm curing, which makesthe cold curing
thebest. SeeFigs. 8.15thru8.22for theresultsfromthelaboratory and Figs.
8.23 and 8.24 for theresultsfrom thebridges. Sincethevariationsof C;and
D proceed in opposite directions for cold and warm curing, the following
is done for comparison.
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Figure 8.15. C,for LAO, cold and warm curing.[*3]
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Figure 8.16. D for LAO, cold and warm curing.[?!
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Figure 8.17. C,for LAS, cold and warm curing.[*3]
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Figure8.18. D for LA8, cold and warm curing.[*”]
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Figure 8.19. C for LN, cold and warm curing.l*?!
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Figure 8.20. D for LN, cold and warm curing.l*3!
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Figure8.21. C for LS, cold and warm curing.[*3]
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Figure8.22. D for LS, cold and warm curing.[*”]

Cs for the Bridges, % Cl by Weight of Concrete
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Figure 8.23. C, for the Stolma and Rostsundet bridge, cold and warm curing.!*!
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D for the bridges, mm?/year
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Figure 8.24. D for the Stolma and Rostsundet bridge, cold and warm curing.[*°]

The measured valuesfor C,and D are used together with achosen
joint o equal to 0.5. The depth of ingress for the chloride level 0.07% of
concrete weight was calculated for 1, 10, and 100 years of exposure. The
results are shown in Fig. 8.25. This comparison shows that the calculated
depths of chlorideingressfor cold and warm curing for the separate mixes
is quite similar at different exposure times. For most of the mixes the
differencewas5-10%, thelargest variation was approximately 20% at 100
years exposure.

Depth of 0.07% CI by Weight of Concrete

90 =
77 — 13— -LAO cold
80 /l’ —m -LAO warm
/f ——=2— LAS8 cold
70 /',/ LA8 warm
7 —o— LN cold
. y2 /-
27 e | N Warm
o /é --o--LScold

) ~ /,"’ - o LSwarm
R
40 r —a&—— Stolma cold

gt Stolma warm

Depth of a Chloride Amount of 0.07% CI

30 - - - - Rosts. cold
= m Rosts. warm

20 -

10

{ 10 100
Exposure Time (year)

Figure8.25. Calculated depth where 0.07% of chlorides appear after increasing exposure
time. Four mixes from laboratory and the mixes from Stolma and Rostsundet bridges.[*”!
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Themeasurementsof chlorideingressare based on exposuretimes
of a maximum of 1/2 to 1 year, which is too short a time to draw firm
conclusions. Nevertheless, the results show the same tendency asin the
LightCon project, e.g., the curing temperature playsavery littlerolein the
chloride penetration into the concrete.

Thethird project, environmental -friendly concrete, wasto measure
the chlorideingressinto concrete with acement blended with 20% fly ash.
Samples were made from three concrete qualities and were cured for 28
days either at 20°C or semi-adiabatically at 60°C. A comparison is done
with normal weight concrete; the composition is shown in Table 8.16.

Table 8.16. Mixes with NORCEM Standard Fly Ash (FA) Cement!*]

Name NW045 NW040 NWO038
NPRA concrete SV50 SV40 SV30
quality term
Water/binder ratio 0.45 0.40 0.38
Silicafume (%) 0 5 10
NORCEM standard 370 360 370
FA cement
Silicafume (kg) 0 18 37
Sand: 0-8 mm 1050 1050 1050
Gravel: 8-11 mm 790 810 774
Plasticizer (P) 1.85 1.80 1.85
Sikament 92 1.8 2.3 2.3
Water, total 166.5 158 169
Weight total (kg) 2376 2396 2400

Theresultsin Figs. 8.26 and 8.27 were specifically done to show
that the sametendenciesyield for normal weight concreteasfor the LWAC.
The results from curing at 20°C are denoted “cold” and the results for the
semi-adiabatic curing are denoted “warm.” The measurements of the
chloride ingress are based on the exposure times of a maximum of two
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years. Thisisashort exposuretimeto draw firm conclusions. Nevertheless
the results support the previous findings reported in the LightCon and
Lettkon project. The curing temperature does not have significant influ-
ence upon the chloride ion penetration.

Cg in % by Weight of Concrete

1.00
= = @ = NW045
0.80 i o cold
V7 .

0.60
o ‘;‘* il NW045
© 040 warm

0.20{

0.00- - T T

0 200 400 600 800

Exposure Time (days)

Figure 8.26. Csfor NW045, cold and warm curing.[4°!
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Figure 8.27. D for NW045, cold and warm curing.[4”]

In the tests performed by Bilodeau, et al.,[3% and Carlsson(*! for
chlorideion penetration, the LWAC used was cured at 20°C and 60-95°C
but the tests were carried out at room temperature and constant humidity.
Inreal practice, the humidity and temperature vary frequently. The expo-
sureconditionsaremoreaggressiveand the penetration of chlorideisfaster.
The chloride ion penetration in LWAC beams exposed to alternating
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moisture and temperature cycling has been studied by von Breugiel and
Taheri.l*®l They used large beams and exposed the tops to thermal and
humidity cycles. They expected to generate small strains and stresses,
providing conditions closeto the natural climate. A cross section of abeam
is shown in Fig. 8.28 with a climate chamber on top, which provides
alternating temperature and drying and wetting regimes. The thermal
loading (AT) can be split into three parts, average temperature (AT,,),
temperaturedifference(ATy), and self-equiliberating temperature (AT gger)-
In view of the stress-generating strain, self-equiliberating temperatures
being predominent, these cause eigen-stresses, whichin massivestructures
are the mgjor reason for surface cracksin concrete.

mm ATay ATy ATeig AT

150 + 7 r
300 _

P + + =

600

750 2

Figure 8.28. Imposed temperature distribution AT in the beam and its components AT,
ATy and AT.146]

Concrete beamswere exposed to asimulated marine environment
with thermal and humidity cycles. The hypothesisin this test is that, by
applying thermal and humidity cycles at the top surface of thick beams,
eigen-stresses, either tensile or compressive, are generated in the top layer
of thebeams. If thetensile stresses exceed thetensile strength, the concrete
will crack. These cracks may grow because of the alternating character of
theloading and may promote the penetration of chlorideinto the concrete.

Chloride penetration tests were carried out on beams. Threelarge
beams of 6 mlong, 0.4 m wide, and 0.75 m thick were made. Each beam
consisted of three parts, each 2 meters in length and made with different
concrete types. Two parts of each beam were made with LWA; Liapor™
F8, Lytag™, and the third one with normal weight aggregate (NWA).
Portland cement used was CEM 1 32.5 R; its dosage was 361 kg/m?, 17
kg/m? silicafume (5% CSF) was also used. The superplasticizer used was
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1% by weight of the cement and the water-to-cement ratio was 0.45. The
fraction of the aggregate was 4-8 mm. Inthe NWC, or reference concrete,
crushed aggregate4—-16 mmwasused. Inall themixtures, 04 mmsand was
also used. The physical properties of the concretes at 28 daysare shownin
Table 8.17.

Table 8.17. Physical Properties of Concrete Mixtures at 28 days*®!

NWC, [ Liapor™, [ Lytag™,
M Pa MPa M Pa
Compressive strength 62.51 59.78 61.16
of 150 mm cubes
Splitting tensile strength 3.91 3.69 4.29
of 150 mm cubes
Modulus of elasticity 34500 25687 26803
of 100 x 100 x 100
mm prism

The beams cast were cured in different ways. They were covered
with plastic to prevent plastic shrinkage and subsequent microcracking.
The second day after casting, the first and the third beams were subjected
to“ standard curing conditions,” i.e., sealed curing under plasticfoil for two
weeksat atemperature of 20°C. The second beam was exposed to el evated
temperature curing, which is denoted by “poor curing.” This constituted
38°C temperature and 50% RH for two weeks. The three beams were | eft
in the open air after the curing period of two weeks for further hardening.

After curing, the top surfaces of all three beamswere subjected to
wetting and drying cycles. For wetting, a5% NaCl solutionwasused. A part
fromthis, thetop surfaces of thefirst and second beamswere al so exposed
to thermal cycles. Thethird beam, acting asthe reference, was exposed to
the laboratory temperature. The set up isshown in Fig. 8.29.
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Figure8.29. Overview of the experimental set up for large scale chlorideion penetration
tegl[46]

The chloride concentration at different depths was measured by
chemical analysis. The procedurefor the estimation of chloride penetration
and determination of the chloride profile is shown in Fig. 8.30. Fifty-
millimeter diameter cylinders were drilled from all three beams before
starting the test to investigate the effect of restraint. These cylinders were
leftintheir positionduringthetest. Thegap betweenthedrilled cylinder and
the adjacent concrete wasfilled with an elastic material to prevent chloride
ion containing water from penetrating into this space. These pre-drilled
cores, named “ stress free specimens,” are supposed to develop few or no
microcracks when exposed to temperature cycles. These are denoted by
unrestrained specimens. This allows a comparison of the rate of chloride
ingress in “restrained” beam sections and “unrestrained cylinders.” The
first measurement was carried out after one month, i.e., after eighteen
completeexposurecycles. Thefinal measurement wascarried out at theend
of the test.
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Figure 8.30. Procedure for measuring the chloride profile.[48]

53 Effect of Restraint

The effect of restraint on the chloride penetration depth was
clearly observed after 1 and 6 months. As an example, the lightweight
concrete beam, made with Lytag™ aggregates, was cured at an elevated
temperature, viz., “poor cured” asshownin Fig. 8.31. A similar effect of
restraint on the chloride profiles was observed for other concretes, but the
effect was less pronounced. In the case of beam 3, which is not subjected
to thermal curing, the effect of restraint is still very evident for al three
concrete mixtures.

Lytag™ 1 & 6 Months

beam 2
é 4 : X —h— 1 month unrestrained (T 222F)
@ | —~= 1 month restrained (T 22R)
(&} 4 a
o] \ \ | ~@-~ 6 months unrestrained (T 227F)
S 35
e 3 .\ N X ] —3¢— 6 months restrained (T 27R)
o
é 2_5 e \ \
s S
2 15 N\ X <
g N N
P
S N\
§ oS — 1=
2
0 5 10 15 20 25 30 35
Depth (mm)

Figure 8.31. Effect of restraint on chloride ion penetration, Lytag™ beams *“poor
curing.” 6l
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For the Lytag™ mixture shown in Fig. 8.32, the drying/wetting
cycles promote the chloride ion penetration in concrete.

Lytag™ 1 & 6 Months

beam 3
5
4.5 X —A— 1 month unrestrained (T 332F)
4 \ —&— 1 month restrained (T 32R)
1.5 Q \ ~8-— 6 months unrestrained (T337F)
N\ N 3= 6 months restrained (T 37R)

3
AN AN
2.5-—l(;\ \ \\‘

% Chloride With Respect to Cement

5 AN\ \
1 \,\ \-\
0 %—i——l—
0 5 10 15 20 25 30 35

Depth (mm)

Figure 8.32. Effect of restraint on chloride penetration, LWAC-Lytag™, only dry-wet
cycles, standard curing.[4€]

5.4  Effect of Aggregate Type on Chloride lon
Penetration

Itisageneral belief that the LWAC isless susceptible to tempera-
ture-induced microcracking dueto thelower stiffnessand asmaller differ-
ence in the stiffness between the matrix and the aggregate. But these tests
show that thereishardly any differenceinthe chloride profile between the
NWA and the two LWACs (Figs. 8.33 and 8.34). Further, the three
concretes respond to the restrained conditions in the same way. The
chloride profile measured in reference beam number 3, the beam whichis
not subj ected tothermal cycles, showsthesameshapefor all threeconcretes
(Figs. 8.35 and 8.36). All concretes appear to suffer from the drying and
wetting cyclesin the same way, viz., due to the imposed humidity cycles,
thechloridepenetrationispromoted. The LWA Csdo not behavebetter than
NWC, but they are not worse. The test results are summarized as follows:
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» Duringthetest, the maximumtemperature measured at a
depth of 50 mmreached upto 33°C. Itisobviousfromthis
observationthat thereare steep temperaturegradientsin
the concrete cover.

Beam 1 restrained 6 Months
Liapor™, Lytag™, NWC

£ 5

E 45 —e— Liapor™ (L16R)

S a4 N —a— Lytag™ (T 17R)

o

5 35 c\ —a— NWC (N 18R)
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Figure 8.33. Chloride profile in three types of concretes—restrained condition, thermal
and humidity cycles during 6 months standard curing.[4S!

Beam 1 unrestrained 6 Months
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Figure8.34. Chloride profileinthreetypesof concretes—unrestrained condition, thermal
and humidity cycles during 6 months standard curing.[6!
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Figure8.35. Chloride profilein threetypesof concretes—restrained conditions, humidity
cycles during 6 months standard curing.[#6]
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Figure8.36. Chloride profilein threetypes of concretes—unrestrained condition, humid-
ity cycles during 6 months standard curing.[4¢!
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From acomparison of the observed deformations of thebeam, i.e.,
axial length changes and bending with calcul ated free deformation of the
beams, the degree of restraint could be deduced. These analyses have
resulted in calculated stressesin the top layer of the beams between 9 and
10.5 MPain compression and between 3.5 and 4.5 MPain tension. These
tensile stresses could have been high enough to cause fine cracks in the
cover concrete.

After one month of testing, the results show that LWAC tends to
have ahigher surface concentration of chloride. However, the shape of the
chloride profileisidentical with that of NWC. After six months of testing,
theresultsshow that theinitial higher surface concentration of chloridewas
leveled out. LWAC seems to perform as good as NWC, based upon a six
month test period. This is mainly attributed to the better compatibility
between the aggregate and the matrix, dueto LWAC being less susceptible
to temperature-induced microcracking. No appreciable influence of the
type of lightweight aggregates could be seen.

55 Field Test

Thetestsdescribed abovewere performed under laboratory condi-
tions where, in spite of the variation of the temperature and humidity, the
conditions are far from the actual atmosphere prevailing in the field.
Besides, the tests performed were up to six months in time, which is too
short. It is important to test the durability for a longer period of time.
Osbornel®® tested L WA C madewith pelletized slag and sintered fly ash. A
comparison was done with concrete containing normal weight aggregates.

The specimens were exposed in the tidal zone at the marine
exposure site for morethan 15 years. The chloride ingress was determined
inaccordancewith procedurementionedinBS1881; part 124, 1988.1471 The
results are shown in Table 8.18.

The chloride contentswerevery similar at all depths of ingressfor
both LWA concretes of 460 kg/m® cement content. At the depth of 11 and
16 mm, the chloride concentrations cal culated on the mass of dry concrete
were 0.75 and 0.58-0.59%. These results, translated to CI- per mass of
cement, give about 2.7 and 2.0%, respectively, which is somewhat higher
thanfor thegravel aggregate concrete. Thesearethechloridelevelspresent
around therebar at nominal depthsof 10 mm and 20 mm, respectively, and
would normally provide more than a sufficient concentration of ClI- to
induce corrosion of the reinforcing steel.[*8! A comparison of two years
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data, %8 indicated that the diffusivity of chloride decreased with increased
exposure time. Thisisin agreement with the results of Dhir, et al.,[*% who
observed that it takes along time to establish a steady state of chloride
intrusion.

Resistance to attack by soft acid water was good for both LWA
concrete and was superior to that of the equivalent dense aggregate
concrete.

Table 8.18. Chloride Ingress of Reinforced Concrete Prisms Stored in
Marine Tidal Zonefor 15 Y earg*s!

Depth (mm) Pelletized Slag PFA Gravel
16 1.25 1.01 0.66
6.11 0.97 0.85 0.53

11.16 0.75 0.75 0.42
16.21 0.58 0.59 0.39
21.26 0.53 0.50 0.36
26.31 0.41 0.44 0.37
31.36 0.37 0.38 0.33
36.41 0.34 0.35 0.33
Percent of chloride at different depths (Cl- as mass of sample)

5.6 Concluding Remarks

Chloride ion penetration is related to the properties of the aggre-
gate, itsdensity, void content, and absorption, whichinfluencetheeffective
water-to-cement ratio. Thissubsequently influencesthe pore structureand
permeability of concrete which principally control the penetration of
chlorideions.

The performance of LWAC using various types of aggregatesis
equal to the normal weight concrete in the marine environment, which is
ladenwiththechloride-rich air. Further, theLWAC a so performed well in
varyingtemperatureand humidity conditions. Thisisattributedtothebetter
compatibility of the lightweight aggregates to the matrix. This makes the
LWAC less susceptible to the temperature-induced microcracking.
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9

Fire Resistance of
L ightweight Aggregate
Concrete

1.0 INTRODUCTION

The performance of building materials under fire exposure is of
significant importance. One phenomenon that must be considered during
fireistherisk of explosive spalling, which may cause much of the concrete
cover todisappear leaving thereinforcing barsdirectly exposedtofire. This
may happeninavery shorttimeinpartsorinall of thestructure. Prestressed
concrete structures with thin webs are more liable to spalling and explo-
sions, and may collapse suddenly. Therefore, it is of great importance to
diminish or overcome this problem. The design of the concrete mixture
itself directly influences the risk of spalling at high temperature. During
fire, thewater inconcretetransformsto steam. |f the poresystem of concrete
is not sufficient to transport this steam, a pressure builds up and causes
gpalling of concrete. The other cause is the thermal expansion of the
aggregates used. Thus, the fire endurance isrelated to the pore structure of
concrete and to thethermal propertiesof the aggregates used for makingit.

291
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The thermal behavior of concrete, itsrelative humidity, the thermal prop-
erties of aggregates and concretes, the pore structure of the concrete in
respect to fire endurance, and fire testing methods are described in this
chapter.

2.0 BEHAVIOR OF CONCRETE AT ELEVATED
TEMPERATURE

2.1  Sorption Characteristics of Building Materials

The thermal fire endurance is the time at which the average
temperature on one side of aconstruction exceedsitsinitial valueby 139°C
whentheother sideisexposedtoastandardfirespecifiedby ASTM Method
E119.

The effect of moisture on the fire endurance of building elements
is, of course, closely related to the amount of moisture, and, in turn, to the
sorption characteristicsof materials. Theamount of moistureheld by asolid
at variousvapor pressures, in other words, the shape of sorption isotherms,
depends on the specific surface, the effective porosity, and the pore
geometry (basic pore-shape, pore size distribution, etc.) of the solid, and,
inthedomain of capillary condensation, marked sorption hysteresiscan be
experienced.

Figure 9.1 showsthe moisture sorption isotherms of acertaintype
of clay brick obtained by calculations. The shape of the curves can be
regarded as typical of building materials in general with an important
exception for concrete. In the case of concrete, the hysteresisloop extends
toapressurerangeof 0 < p < p,.[Y To understand the cause of thisbehavior,
oneshould realizethat the binding energy of somewater moleculesheldin
the portland cement paste by chemical bondsislessthan the energy needed
to dislodge themost firmly held adsorbed mol eculesduring drying. Conse-
guently, at some advanced stage of drying, desorption and partial dehydra-
tion will take place simultaneously. Since the amount of water held by
adsorption cannot be determined exactly, part of the water, which is
dislodged by some standard drying procedure, is more accurately called
evaporable water rather than moisture. For similar reasons, the amount of
water retained by the hydrated cement throughout drying should betermed
non-evapor able water.
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Figure9.1. Calculated sorptionisotherm of acertain clay brick, (a) adsorption branch, (b)
desorption branch.!!

In the case of concrete, the reference state of the material isnot its
“dry” state, but a state determined by some standard drying procedure.
Among the various drying techniques, two are taken as standard:

1) D-drying.
2) drying in an oven at 105°C.
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e D-drying: Thesampleisdriedovericeat—79°C (sublima-
tion temperature of CO,) by continuous evacuation
with arotary pump through atrap cooled in a mixture
of solid CO, and ethanol. The partial pressure of water
is5x 10 torr.

e Drying inoven: Heating to constant mass at 105°Cin
an atmosphere of controlled humidity, but free from
CO,, reduces the water content approximately to the
same value, although it is not astrictly defined drying
condition.

In view of these discussions, it seems most probable that the
unusual shape of the sorption isotherm of concrete is due to partia or
compl eterehydration, during adsorption, of thewater of constitution | ost at
very low pressure during desorption.

The sorption characteristics of portland cement paste and concrete
depend very strongly on the degree of hydration!?-4 and thus on the age,
curing procedure, and some other factors. Under ordinary circumstances, a
sufficiently large mass of concrete can retain enough water in its poresto
ensurethe progress of hydration for avery long period after theremoval of
formsand protecting covers. If, however, theconcreteissubjected toforced
drying, the hydration slows down considerably as the RH in the pores
becomes lower than 95% and stops completely at 80%. !

2.2  Spalling

Because of themarked differencesinthesorption characteristicsof
varioushbuilding materials, theamount of moisturethat thesematerialshold
at normal atmospheric conditions may be very significant in certain cases,
or barely noticeablein others. The presence of moistureisthemajor source
for building up vapor pressure causing explosion spalling of concreteat an
early stage of fire exposure.

A probable mechanism of spalling of concrete, called moisture
clog spalling, during fireexposureisdescribed by Shorter and Harmathy 6]
When heat beginsto penetrateinto the concrete sl ab, desorption of moisture
startsin athin layer adjoining the surface exposed to fire. A major portion
of the released vapors move toward the colder regions and become reab-
sorbed in the pores of some neighboring layer. Asthe thickness of the dry
layer gradually increases, a completely saturated layer of considerable
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thickness (called a moisture clog) builds up at some distance from the
exposed surface. A littlelater, asharply defined front formsbetweenthedry
and saturated layers(Fig. 9.2). Further desorptionwill obviously takeplace
from thisfrontal area, indicated by line CD.

Figure 9.2. Diagram of moisture clog formation.[®

In the meantime, the temperature of the exposed surface keeps
rising, and avery steep temperature gradient develops acrossthe dry layer
resulting in a high heat flow and intensified desorption at the CD plane.
Having little passage toward the colder regions, the vapors have to leave
through the dry layer, gradually expanding and meeting increasing resis-
tance along the flow path. With further steepening of the temperature
gradient, there will be arapid pressure build up at the plane CD.
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If theresistance of the poresto moistureflow isnot toohigh, under
theeffect of thelarge pressuredifference, themoistureclog (region CDEF)
begins to move towards the colder regions and the pressure buildup soon
levelsoff. If, onthe other hand, the permeability of the materialsislow, the
pressure at the plane CD continuesto grow and will eventually exceed the
ultimate tensile strength of the material. When this condition isreached, a
layer of thickness approximately equal to that of the dry layer separates
from the material.

If this suggested mechanism is correct, one could expect that
material properties such as porosity, permeability, ultimate strength, and
thermal conductivity (by effecting the heat flow through thedry layer) will
play an important rolein moisture clog spalling. With advancement in the
hydration, the pore structure of concrete becomes dense. The permeability
of mature portland cement paste, for example, is several orders of magni-
tude lower than that of fresh cement.[t®l This makes the concrete more
vulnerable with age to moisture clog spalling.

2.3 Gainin Thermal Fire Endurance

If spalling isnot expected to take place, the presence of moisturein
building material sisbeneficial for fireendurance. Theprimary reasonisthe
absorption of heat, associated with the desorption of moisture, checksthe
rise of temperaturein abuilding element during fireexposure, delaying the
development of various phenomenawhich may lead to failure during fire
exposure.

2.4  Thermal Compatibility of Aggregates and Cement
Paste

When concreteisheated, physical and chemical changestakeplace
in the cement paste and the aggregate. Thisresultsin aweakened structure
and thestrength of the cement paste decreases. Theeffect of temperatureon
the thermal expansion of granite aggregates, cement paste, and concreteis
showninFig. 9.3. Thisillustratesthethermal incompatibility betweenthe
cement paste and the aggregate. The incompatibility creates internal
stresses and microcracks and weakens the concrete. Internal stresses can
also develop partly due to nonuniform temperature distribution and partly
due to vapor pressure (developed during the transformation of water to
steam). These stresses can contribute to explosive spalling.
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Figure 9.3. Effect of temperature on thermal expansion of 1) granite, 2) concrete made
with granite aggregate, 3) limestone, 4) sandstone, 5) cement paste in process of
heating, 6) cement paste in the process of cooling.[”]

This phenomenon has been described by Nekrasov and Zhukov(® by the
inequality:

Eq. (1) (P+o)K <R,



298 Chapter 9 - Fire Resistance of LWAC

where P is the pressure of the steam in the concrete, ¢ is the tensile
temperature stress in the concrete or the tentative stress corresponding to
deformation force, K isthe coefficient taking into account the approxima-
tion of the formula, and R is the tensile strength of the hot concrete. The
inequality [Eq. (1)] can be described in the form:

P
Eq. (2) (E—+8)K <&},

bt

where g isthe deformation of the concrete dueto the tensiletemperature or
other stresses, Ey, is the elastic modulus of the hot concrete, and e, is the
deformationlimit of theheated concreteduetothetensilestresses. If during
heatingand cooling, theinequality [Eq. (1) and (2)] ismaintained, nocracks
or other faults should develop in the block. Another formulais given by
Nekrasov and Zhukov!® for measuring thetotal flux of themoisturethrough
the cross-section of the block:

Eq. (3) f=—Am(Ve+5Vt)-KVP

where Am is the coefficient of mass conduction, 6 is the mass transfer
potential, tisthe heat transfer potential, 6 isthethermal gradient, and K is
the coefficient of liquid or steam filtration.

Theprincipal condition of thetemperatureand moisturestateinthe
one dimensional case of a heated wall is illustrated in Fig. 9.4.% Three
zonesarecreated there, adried zone, avapori zation zone, and onezoneonly
A;-A;, where the temperature lies between 100-200°C.

The steam pressure, P, and thermal gradient, 6, depend mainly on
the pore system of the concrete. The more open the structure, thelower will
be the steam pressure and the thermal gradient. Here, most of the stressis
dueto the thermal incompatibility of the aggregates and cement paste and
the vapor pressure.

Thedifferencebetweenthermal spallingand moistureclog spalling
occurring during a standard fire endurance test is easily recognizable.
Moisture clog spalling is generally more violent and the thickness of the
dislodged|ayersisgreater, about 1inch (2.54 cm). Spalling of concretemay
also be due to other factors such as excessive deformation, expansion of
reinforcement, or crystalline transformation in certain aggregates, espe-
cially with a high quartz content.
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Figure9.4. Distribution of temperature (v), vapor pressure (P), moisture content (i), ina
concrete section during heating from one side; g = heat flow, C-C = warm side, A-A; =
vaporization front, A-A = border of dry concrete.l!

3.0 FIRE TEST OF LIGHTWEIGHT
AGGREGATE CONCRETE

Fire endurancetests of four types of concrete were conductedin a
gas-ail furnace.

e Thefirst type was LWAC, “3L-concrete,” developed at
the ChalmersUniversity of Technology!'®! with adensity
of 1100-1200 kg/m3. The lightweight aggregates used
were Swedish Leca™.

» Thesecondtypewasthestructural LWAC with adensity
of 1650 kg/m®and 15 cm cube compressivestrength of 35
M Pa[ll]
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* The third type was structural LWAC modified with
chemical admixtures.!*?l

» Thefourthtypewasahighstrength LWAC madewiththe
addition of condensed silica fume.[*®]

Type one and two lightweight aggregate concretes were made
using LWA, Swedish Leca™. A comparison was donewith normal weight
concrete made with the addition of a polymer.l' The densities of LWAC
and normal concrete were 1100 and 2310 kg/m?3, respectively. A fire test
was performed on:

e 2.5 cmthick plates of normal concrete

» 2.5cmthick plates of LWAC

e 5.0cmthick slab of LWAC

e 15 cmthick reinforced concrete beam of LWAC

The test specimens were cured under laboratory conditions, i.e.,
40% RH and 20°C. A gas-oil fired furnace with an opening of 2.5 x 0.3 m?
was used for heating the test specimens. The tests were performed by one-
side and two-side heating. The position of thetest samplesinthefurnaceis
shownin Fig. 9.5 and the results are shown in Figs. 9.6 thru 9.10. The test
resultsreveal ed that thin plates of normal concreteand L WA C do not show
any spalling when heated from one side.

Test Specimen Test Specimen
/i /
AN
M 0.45m g
0.3
< >

Figure 9.5. Position of the samples in the furnace (a) one-side exposure, (b) two-sides
exposure.!1]
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Figure9.6. Temperature curvesfor (a) one and (b), (c), (d) two-side heated plate (2.5 cm
inthickness) of normal concrete, (b)and (c)show thetemperatureat which normal concrete
specimensmadewithout apolymer have shown destructivespalling, whereas (d) madewith
apolymer has shown no spalling.
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Figure 9.10. Thermal expansion coefficient of various types of concrete.[1l

Heating the normal concrete plates (Fig. 9.6) from two sides
resulted in destructive spalling at about 125-175°C. In the concretes made
withthepolymer addition, no spalling wasobserved when heated from both
sides, even after 30 minutes. Tests performed on the 5 cm slabs and the
LWAC reinforced beam (b x h = 0.15 x 0.3 m3) did not show any damage
for 1 hour after heating whenthetemperatureinthemiddl e of the specimens
observed was 850°C (Figs. 9.8 and 9.9).

Theresidual strength after thefireexposuretest waslessfor normal
concretethan for the LWA C showing moredamageto thenormal concrete.
Theseresultsarein agreement with those reported by Malhotra.[*! Jau and
Wul®l have studied the performance of 15 cm thick LWAC panels under
fire. They reported that the LWAC showed low thermal conductivity and
alow thermal expansion coefficient at any temperature other than that of
normal weight concrete.

Thethermal expansion coefficient for concreteof different specific
weightsisshown in Fig. 9.10, and the residual compressive strength after
heating to different temperaturesis shown in Table 9.1.
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Table 9.1. Residual Compressive Strength after Exposure to High Tem-
perature, kp/cm?216]

Specific Normal
Weight 0.75 1.3 17 Weight
Temp. °C Compressive Strengths
22 161 283 291 323
518 131 264 260 302
704 121 219 236 276
843 86 138 169 195
927 74 112 120 131
1010 38 42 44 50
1052 32 33 30 33

The thermal expansion coefficient is higher for the concrete with
a higher specific weight compared to the one with lower specific weight.
Residual compressive strengths show the same tendency. However, the
decrease in the strength of the normal weight concrete is much greater
compared to the lightweight concretes. It is dueto the fact that the cement
paste expands during heating, up to 150°C; with afurther temperaturerise
it shrinks substantially.

Thermal expansion curvesarewell illustrated in Fig. 9.3.11 Asthe
temperature increases, the volume of the aggregate increases with the
different intensities, depending upon the coefficient of thermal expansion
of the aggregates and the cement-to-aggregate (sand-to-Leca™) ratio.

According to the FIP/CEB manual of lightweight aggregate con-
crete, "] the coefficient of thermal expansion of lightweight expanded
clay aggregate Leca™ is 50-70% lower than that of gravel (approx. 12 x
10%/K). There is a much greater volume expansion of silica due to its
transformationsat higher temperaturesto cristoboliteand trydymite. Inthe
lightweight concrete made here, the amount of sand used is one-fourth of
the aggregate used in normal concrete. This reduces the possibility of
lightweight concrete expansion to approximately one-fourth.



306 Chapter 9 - Fire Resistance of LWAC

The improvement is attributed to the LWA and, in the case of
normal concrete, to the polymer addition which has entrained air, and has
made possible the transport of vapor hindering the build up of steam vapor
pressure.

Thefireresistance test of structural LWAC was done on anormal
reinforced concrete plate of the size 6.0 m x 2.60 m x 0.2 m. Four cubic
metersof concretewasmixed inafree-fall mixer and wascast with thehelp
of rod vibrators.

The 28 day density and the 15 cm cube compressive strength were
1660 kg/m? and 35.2 MPa. The beam was cured for 3 months, then was
tested at the Swedish National Testing and Research Ingtitute.[*l Thefire
test was performed according to SIS 024820 (NT FIRE 005, SO 834).
Heating was from one side. The plate was loaded under the test with two
linear loads of 9.2 kN/m placed on the plates at quarter points. Thetotal of
the load, including the dead load of the slab, was 7.0 KN/m?. After eight
minutes, the plate started deteriorating and after 23 minutes the test was
stopped. The basic composition of thelightweight aggregate concretewas:

Portland cement 425kg/m?®
Sand 850kg/m?3
Swedish Leca™ :2-6  310kg/m?®
:4-10 310kg/m?3
Wi/C 0.39
Mighty 100™ 1% of the weight of cement

The strength of the concrete was high which was achieved by
making very high strength cement mortar in order to compensate for the
lower strength of the LWA.. The strength of the mortar was about 80 M Pa.
Itimpliesthat the mortar was very dense and had avery low permeability.
This dense structure did not provide adequate conditions for moisture
transport. The moisture content determined after the test was 6.1%, which
isequivalenttothe95% RH duringtesting. Therel ativehumidity duringthe
test should not exceed 75%.%°! Due to the dense structure, the plate could
not dry fast enough to have the requisite relative humidity. Thishighinner
water content, which was not uniformly dispersed, transformed to steam
and built up pressure differentials in the plate during the fire test. This
happened dueto theinability of steamto betransported out dueto thedense
concrete structure. It isthe same phenomenawhich hindered fast drying of
theconcreteplate. Consequently, thesteam pressurebuilt upresultinginthe
spalling of the plate.
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3.1 Modified Structural Lightweight Aggregate
Concrete

Structural lightweight aggregate concrete devel oped by Berntsson
and Chandra* hasavery densecement mortar matrix, which compensated
for the low strength of the lightweight aggregate. This created difficulties
inthetransportation of vapor/steam and resulted in the spalling of concrete.

This concrete structure was modified using superplasticizers, air-
entraining agents, and polymers. The aim was to have an air void system
adequate for the transport of the steam build up during the heating of
concrete. This would hinder the formation of steam vapor pressure and
would not cause spalling of concrete.

Concretes were made with the addition of superplasticizers, air-
entraining agents, and polymers. The basic composition was the same as
described earlier, except some chemical admixtureswere used. Ten centi-
meter diameter cylinders were cast and cured for 6 days under water after
demolding and for 22 daysat 55% RH and 20°C temperaturein the climate
room. The fire resistance was tested in a Superkanthal furnace.

The compositions and the fire test results are shown in Table 9.2.
The physical condition of the samples after the test is shown photographi-
cally in Fig. 9.11 for normal concrete and in Fig. 9.12 for the LWAC.

Mercury porosimetry was used to analyze pore size distribution of
LWA C madewith the addition of superplasticizers naphthal eneformalde-
hyde condensate (Mighty M ™) and melamine formaldehyde condensate
(Peramine F) and the air-entraining agent, Sika Aer™. The porevolumeis
shown in Table 9.3.

Table 9.3 shows that the samples made with the addition of the
superplasticizer Mighty 100™ (marked M) spalled at the RH 85%, whereas
no damage could be seen at 82% RH and lower. The same concrete with
AEA (MS) did not show explosion spalling aswasthe casewithsampleM S
at a RH more than 85%; instead cracks on the surface were noticed.

This is because the air-entraining agent has created a more open
pore structure. The pore volume in this case is 19% more than that of the
sampleM. Thesamplesmadewith theaddition of SPPeraminemarked PER
spalled at aRH of morethan 88%, whereasno damage could be seen at 84%
RH and lower. The PER with AEA (PERS) sample had not shown any
explosion spalling even at 89% RH; only crack formations on the surface
of the sample were noticed, whereas no damage could be noticed at 85%
RH. It is obvious that PERS has a more open pore structure. The pore
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Table 9.2. Fire Test of Lightweight Aggregate and Normal Weight Con-
cretell?

No. | Admix- RH Remarks in Fire Test
ture
98 | Expansion spalling from hot end
K25 Nil 94 Numerous expansion cracks from hot end
65 | Numerous expansion cracks from hot end
94 | Explosion spalling
89 Explosion spalling
M Mighty 85 | Explosion spalling
82 | No damage
75 No damage
94 | Explosion spalling
i 88 | Explosion spalling
MS “SA:EQLye: 85 Crack formation on the surface
82 | No damage
75 | No damage
93 Explosion spalling
PER + 89 | Explosion spalling
P Peramine 87 | Crack formation on the surface
82 No damage
74 | No damage
94 | Explosion spalling
88 | Crack formation
PESR "l PER+S 86 | Few cracks
84 | No damage
74 No damage
MP1 M+P1% | 83 | Explosion spalling
M + P 5% 75 | No damage
MP 82 Explosion spalling
60 | No damage
MF gﬂlg(;) 81 | No damage

K25 - normal weight concrete; others are lightweight aggregate concrete,
M - Mighty 100™ (SP), PER - Peramine (SP), S- SikaAer™ (AEA), P-
Mowiton (Polymer), F - polypropylene fibers.
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Figure 9.11. Normal concrete K 25 after the fire test.[1

- Mighty™

MP

, PERS - Peramine + Sika Aer™,§

Peramine F

P

Figure 9.12. Lightweight aggregate concrete after the fire test, M - Mighty™, MF

- Mighty™ + Fiber
+ Polymer.[4
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Table 9.3. Pore Volume of Lightweight Aggregate Concretel1?

Pore
No. Symbol Volume Remarks
kg/m®
1 M 0.140
MS 0.167 19% more than M
3 PER 0.164 17% more than M
18% more than PER
4 PERS 0.193 16% more than M
M - samples with Mighty™, MS - samples with Mighty™ and AEA,
PER - samples with Peramine, PERS - samples with Peramine and AEA

volume is 18% more than that of the sample PER without AEA and 16%
more than those marked MS (Mighty™ and AEA). Besides the pore
volume, theporestructureismorerefinedinthiscasewhich makesthevapor
transport easier during heating of the concrete. Thus, the pressure is not
built up and expl osion spalling does not take place, even at ahigher relative
humidity.

The polymer sample, MP made with a 5% polymer addition, was
broken in two pieces after 15 minutes exposure to 81% RH. The polymer
interacts with calcium hydroxide and forms complexes and a film. The
complexes can fill up the pores or can seal them from the surface. On the
other hand, thefilm formson the surface of the poresand capillaries. These
pores and capillaries create barriers for moisture and vapor transport.
Consequently, thedrying of the concretewill be slow and nonuniform, and
the water dispersion in the structure will not be homogeneous. The water
accumulatesin pocketsin the concrete structure and the water, thuslocked
in, transforms to steam during heating. Due to the difficultiesin the steam
transport, pressure builds up and causes explosion spalling of the concrete
cylinders during the fire test. The samples with the 5% polymer addition
from the same series were tested after 56 days and no damage could be
noticed. Over time, the drying took place and the water which was locked
in passed by diffusion through the polymer complexes. The relative
humidity of the sample decreased. Consequently, the vapor pressurewhich
builds up is not high enough to cause spalling of the sample.
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Other samples, even without the air-entrai ning agent addition, had
pore structures sufficient for steam transport at this RH and there was no
hinderance due to the polymer addition, film formation, etc., and they
passed the fire test.

The tests were performed on small cylinders and not on the big
plates under load. However, it seems that the moisture in the lightweight
aggregate concrete tested earlier had a moisture ratio that was too high,
although thereisno direct relation between the RH and moistureratio. The
RH inthe middle of the plate was expected to be high, and this should have
been the major cause of explosion spalling of concrete. The optimum RH
for good fire resistance seems to be less than 80%.

The moisture content in the concrete and the pore structure are the
deciding factors for the fire resistance of concrete. Distribution of the
moisture also plays avery important role. Moisture content depends upon
the drying time and the relative humidity of the surrounding air. An open
poresystemfacilitatesfaster dying and thetransport of the steam during the
firetest. Therefore, the steam pressure does not build up and theresistance
to fire is enhanced.

3.2  High Strength Lightweight Aggregate Concrete

Thefireresistancetestshave been carried out generally onlow and
medium strength concretes, but not much attention hasbeengiventothefire
resistanceof high strength concrete. However, withanincreasein strength,
the mortar matrix in concrete becomes richer and denser in order to
compensate for the lower strength of the aggregates. This makes moisture
movement in the concrete difficult and has a del eterious effect on the fire
resistance. This effect can be improved to some extent by using chemical
admixturessuch assuperpl asticizersand an air-entraining agent. Theuseof
fibers also improves fire resistance. Another factor which needs special
attentionistheresistance of concreteto hydrocarbonfires. Thiseffect must
be considered while designing concrete structures for special industrial
production systems and offshoreinstallations. Hydrocarbon firesare char-
acterized by high temperatures and a very rapid temperature rise.

Jensen, et al.,[13 studied thefireresistance of high strength LWAC
exposed to hydrocarbon fire. The compressive strength and E-modulus at
elevated temperatures were determined for LWA and normal density
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concrete (ND) on cylindrical specimens of approximately 100 mm
diameter. The lightweight aggregate concrete was LWA 75 with an
intended mean cube strength of 75 N/mm?. The concrete had thefollowing
composition:

Cement 416 kg/m?®
Condensed silicafumes 22 kg/md®
Water 193 kg/m?3
WI/(C +9) 0.36 kg/m3
Gravel: 0-8 mm 700 kg/m?
LWA: 4-8 mm 313kg/m®
LWA: 8-16 mm 313kg/m®
Superpl asticizer 5.5kg/m3
AEA 0.4 kg/m?3
Slump 150 mm

Thetestsincluded reinforced pre-stressed beams (150 x 200 x 2800 mm)
of four different concrete types. Three of them had passive fire protec-
tion consisting of several cement-based mortars containing expanded
polystyrene.

Concrete types:
ND95 Normal density concrete (reference).
LWA75  Lightweight aggregate concrete.

LWAF75 Lightweight aggregate concrete with polypro-
pylenefibers(Liapor™ aggregates, Fibrin fiber
type 1823).

LWAF75P LWA aggregate concrete with polypropylene
fibers and protected with LightCem LC5 pas-
sive fire protection.

LWAS0 LWA concrete (LightCem, Leca™ aggregate).

Theeffectsof thecompressivestrengthlevel (i.e., water-to-binder ratioand
silicafume content) were examined on the following:

ND concretes:

ND65:W/(C + S) = 0.50, 5% SF.
ND95:W/(C + S) = 0.36, 5% SF.
ND95-0:W +/(C + S) = 0.36, 0% SF.
ND115:W/(C + S) = 0.27, 5% SF.
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The strengths of normal density and LWA concrete were 65-115 MPaand
75 MPa, respectively. The targeted temperatures during testing were 20,
100, 200, 300, 400, and 600°C. Theresultsshow areductionin compressive
strength and the E-modulus by 25-40% at temperatures in the range of
200-300°C (Figs. 9.13 and 9.14).

A further strength reduction with concrete temperatures higher
than 300°C is not apparent. In fact, the results showed a slight increase
between 300° and 450°C. The total mean loss of strength at 600°C wasin
the range of 60 percent. No effect of W/(C + S) on the temperature
development strength loss was apparent, since the results did not distin-
guish significantly between concretes between W/(C + S) =0.27, 0.36, and
0.50 (ND115, ND95, and ND65), respectively. In some cases, concrete
without silica fume shows better performance in terms of the somewhat
lower lossof strength. Thismay beduetolessdensificationand thereduced
brittleness of the concrete. The replacement of normal coarse aggregate
with LWA does not seem to affect the temperature-dependent loss of
strength.
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Figure9.13. Relativecompressivestrengthversustarget temperature of specimensduring
testing.[13l



314

Chapter 9 - Fire Resistance of LWAC

100
90 days
90
80 -
£ 70 e
@ '_""‘*-Q’x‘?‘\
2 60 Ay e
_g ._____,__....m iy x\
o -l .. .. . \.,\
£ 50H{NDss — T \\
w =5 ., X,
2 40HnND95-0% e a‘\‘;ﬁ —
g - . N
% 307IND95-5% S
i - SR,
20HND11s \“;‘:
10HLwATS
U T L3 1] T 1
0 100 200 300 400 500 60D

Temperature (°C)

Figure9.14.Relative E-modul usversustarget temperature of specimensduring testing.[*3

The reduction in the E-modulus at temperatures higher than
300°Cisvery clear. Thereisalinear reduction in the temperature range
of 300-600°C. The maximum reduction without any clear effect of the
water-to-binder ratio (0.50-0.36) was in the range of 75-87% for ND
concretes, and 60—70% for the LWA concrete.

Hydrocarbon fires may cause serious damage to concrete struc-
tures. Thequestionwhich arisesafter thefireiswhether or not the structure
has enough residual strength for continued unaltered use or use after minor
repairs.

A considerable decreasein the compressive strength and E- modu-
lus, even at relatively low temperatures, i.e., 100-300°C, was noted (max
40% reduction). The loss in strength and E-modulus at 600°C was in the
range of 60% and 60-87%, respectively. Spalling was highly dependent
upon the high moisture content. The following observations were made:

* LWAY5: Thesebeamsshowed severe spalling. Thedam-

age was considered to be too extensive to permit further
experimental investigation, i.e., theresidual strengthwas
assumed to be zero.
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 LWAF75: Only minor spalling was observed in these
beams. However, cracks were observed. The residual
strengths was calculated according to NS 3473.[20 |n
some of the beams, the failure mode changed from an
intended flexural failureintensionto aflexura failurein
compression, indicating an even more serious reduction
inthe concrete strength than that dueto the reduced | oad-
carrying capacity.

*  LWAF75P: These beams withstood the exposure to fire
extremely well, i.e., novisual damage could be observed,
except for one beam which was loaded during the fire
exposure. A permanent deflection was observed in this
beam. The residual strength was somewhat above the
estimates based on NS 3473 with the initial material
parameters.

* ND95and LWAS0: TheresultsweresimilartoLWAF75.
Theaddition of 0.1-0.2 vol% polypropylenefibersinthe
LWA mix resulted in asignificant reduction in spalling.
Thiswas confirmed by the structural beam tests.

Fire tests on beams confirm the previous findings that severe
spalling occurred at reinforced and pre-stressed LWA beams. Reduced
spalling occurred on ND concrete beams. Reduced or no spalling was
observed on LWA beams with passive fire protection.

Thepositiveeffect of using fire protection (aspecial cement-based
mortar with expanded polystyrenebeads) to prevent spalling and reducethe
temperature rise is obvious, and should, therefore, be considered in the
design evaluation.

Ultimate strength tests on beams after fire exposure showed that,
evenif thestructural elementsonly show minor spalling after exposure, the
reduction in concrete strength and, thus, in the load-bearing capacity may
be severe.

3.3  Fire Resistance of High Performance Lightweight
Aggregate Concrete (HPLC)

Expanded shalehasalinear stress-temperaturerel ationship, whereas
most silicious types of natural aggregates are nonlinear and may expand
about three or four timesas much as expanded shalewhen heated to 900°C.
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When incorporated in a concrete mixture, these two types of aggregates
(expanded shale and silicious) resist the propensity of the cement paste
matrix to contract when heated above 300°C. The vesicular shale light-
weight aggregate expands|ess, thereby the concreteincorporating thistype
of aggregatetendsto expand less. Asaresult, internal disruptionisreduced
so that the concrete’s loss in strength at high temperatures is decreased.
Also, with reduced expansion in the concrete, the bowing of wallsexposed
to fire on one sideislessened and, as a consequence, structural stability in
terms of resistance to buckling of the wall is greater, leading to high
performance compared to normal concrete.!?4

4.0 FIRE PROTECTION

The heating of the lightweight aggregates to about 1200°C during
manufacture preconditions them to perform better than normal weight
aggregate when concrete made from them is subjected to fire. Building
codesnormally require about 30% |lessthicknessfor afloor slab to achieve
atwo hour fire separation. This, combined with the fact that there is about
30% reductionin density when LWC replacesNC, hasenabled lightweight
concrete to capture much of the market for concrete floor toppings over
steel decking in steel-framed buildings.

4.1 Insulating Properties

Inthe production of lightweight aggregates, avesicular structureis
produced that acts as an excellent insulator. When used in concrete, they
reduce the thermal conductivity of the concrete by about a factor of two
when the density of the concrete is reduced from 2400 to 1800 kg/m?3.[24
Lightweight aggregates can be made of clay with an additional expanding
agent added to them such that when they have beenfired and cooled, thedry
particlerelativedensity isaslow as0.5, and whenthey areincorporatedinto
concrete, adensity of about 800 kg/m?is produced with athermal conduc-
tivity about one order of magnitude less than NC.[22
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4.2 Resistance to Petrochemical Fires

Concrete that is moisture saturated and exposed to afirein which
the temperature increases more rapidly than the concrete can dry out
produces an explosive type failure. At about 300°C, the vapor pressure of
the water is 8.6 MPa and this is sufficient to cause tensile failure of the
concrete. In petrochemical fires or in marine terminals and platforms, the
concrete is usually saturated and the heat rise is rapid. The result is
explosive spalling which is a severe and potentially lethal problem. By
incorporating plastic fibers into the concrete mixture, this problem is
aleviated. Apparently the plastic fibers melt providing relief channels
through the concrete that relieve the internal pressure and allow the
concrete to resist the effect of the firein amanner similar to dry concrete
or saturated concrete heated at avery slow rate.

5.0 CONCLUDING REMARKS

The moisture content in the concrete and the pore structure are the
deciding factors for the fire resistance of concrete. Distribution of the
moisture also playsavery important role. Moisture content depends upon
thedryingtimeandtherelative humidity of the surroundings. Anopen pore
structure facilitates faster drying and the transport of steam during the fire
test. This hinders the build up of steam pressure during the fire. Conse-
guently, fire resistance is enhanced.

Theaddition of polymersand fibersmodifiestheporestructureand
helpsin moisturetransport. They areaidsfor increasing thefireresistance.
The LWA expands less, thereby, the concrete incorporating these aggre-
gatestendsto expand less. Asaresult, internal disruption isreduced such
that the loss of strength of concrete at high temperature is decreased,
therefore, the fire resistance is increased.

Hydrocarbon fires may cause serious damage to concrete struc-
tures. The question which arises after the fire is whether the structure has
enough residual strength for continued unaltered use or needsrepairs. The
residual strength after fire exposure of normal strength concrete is lower
thanthat for LWAC. Thisisduetothehigher thermal expansion coefficient
for normal weight concrete compared to the LWAC.
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Freeze-Thaw Resistance
of Lightweight
AggregateConcrete

1.0 INTRODUCTION

Incoldcountries, thetemperaturevariesduringwinter fromseveral
degreesbelow 0°Ctoafew degreesabove0°C, and water freezestoiceand
icemeltstowater. Consequently, concreteundergoesathermal shock along
withavolumechangeduetothefreezing of water. Thisprocessiscalled the
freeze-thaw cycle. Concrete deteriorates as a result of these temperature
cycles. Whendeicing saltsareused, thedeterioration becomesmoresevere.
This is known as freeze-salt resistance. The freeze-thaw cycle and the
freeze-salt resistance of concrete can interact at the same place and, in
actual practice, it is difficult to separate them. On roads and pavements,
deicing saltsare used. Inthe marine environment, air isladen with salts. In
polluted areas, salts can be formed when pollutant gases interact with the
akalisin concrete. Thesefactorsinteract, subsequently or simultaneously,
and it is not easy to divorce them from each other.

321
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Concrete contains a certain amount of water which changestoice
in the winter. It islogical to think that the transformation of water to ice
results in a 9% by volume expansion and is one of the major causes of
damage dueto freezing and thawing. Actually, the mechanism of concrete
deterioration is not that simple. Therefore, the mechanisms involved in
freezing and thawing of concrete, in general, with and without deicing salt,
must be considered before addressing the freezing and thawing of a
particular LWAC.

In order to understand the mechanisms of freezing and thawing
within the cement paste, an understanding of the constitution of the paste
itself is essential. Portland cement is a mixture of several compounds,
among which the most important ones are two calcium silicates— tri-
calcium silicate (3Ca:'SiO,) and di-calcium silicate (2Ca-SiO,). These
silicates constitute about 75% of the portland cement by weight. In the
hydration reaction, the two silicates produce similar calcium silicate
hydrates and different amounts of calcium hydroxide. The silicate hydrate
issimilar to the natural mineral tobermorite and is called tobermorite gel.
Thisgel isthe most important constituent and plays a dominant rolein the
setting and hardening of the paste and governs the strength devel opment
and dimensional stability of hardened paste and concrete.

Theterm gel wasgiventothepart of thehardened cement pastethat
determinessurfaceareaand porosity. Thegel poresarebelievedto average
approximately 15 to 20 A in diameter. The concrete microstructure con-
stituents of solid, water, and air are divided among the tiny pores of
molecul ar dimension between particlesof tobermoritegel. Thelarger pores
between aggregations of gel pores are capillary cavities. The capillary
cavities are estimated to average 500 nm in diameter. Then, there are
bubbles of entrained air, which are larger and vary from afew micronsto
afew millimetersin diameter.

The freeze-thaw resistance of concrete is related to its air void
system. Specifically, it meansthe pore size distribution, i.e., the size of the
pores, their distribution, and the pore-spacing factor, which is defined as
half of the average distance between two pores. This factor isan index of
the maximum distance of any point in the cement paste from the periphery
of anearby air void. While the air content is the same, the pores’ size and
distributioncanvary. Inoneexperiment,l* 5to 6% air wasincorporatedinto
concrete by using one of the five different air-entraining agents, which
produced 24,000; 49,000; 55,000; 170,000; and 800,000 air voidsper cubic
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centimeter of hardened cement paste. The corresponding concrete speci-
mensrequired 29, 39, 82, 100, and 550 freeze-thaw cycles, respectively, to
exhibit 0.1% expansion.

The air void system is related to the water-to-cement ratio. Con-
cretewith ahigh water-to-cement ratio leads to shrinkage problems, lower
strength, and thelossof air |eading to an uneven porestructure. Onthe other
hand, concrete with a low water-to-cement ratio, which is possible to
achieve with the use of high-range water-reducing agents, does not always
produce concrete with an adequate air void system. Theoretically though
not easy to do, the addition of an air-entraining admixture and adispersing
agent and high-range water reducers, can provide apore structure suitable
for reasonable frost resistance.

Thoughthere are serious problemswith thefreeze-thaw damage of
concrete, thereis no earmarked standard for the pore size distribution and
the pore-spacing factor. On the contrary, there are controversieswhich are
debatable. Oneconcept isthat if the concretehasal5 cm cube compressive
strength of 25 MPa and the spacing factor is 0.2 mm, it should be
immune to freezing and thawing,d whereas according to Chatterji, even if
the concrete possesses these properties, it is damaged in freezing and
thawing.l®!

The other concept isthat to have good freeze-thaw resistance, one
should have4—6vol %air.[4 However, experiencehasshownthat aconcrete
with4%air and aspacingfactor of 0.16 mmal so deterioratesinfreezingand
thawing.!®! Chandraand Aavik!® have al so shown that concretewith 4% air
damages during freezing and thawing. Thisimplies that besides pore size
and the pore-spacing factor, there must be something more which damages
concrete during freezing and thawing. In this context, two factors seem to
be relevant:

» The bond between the aggregates and matrix.
e The character of the pore.

As stated earlier, it isageneral and logical belief that one of the
major causes of damage to concrete during freezing is the volume expan-
sion caused by the freezing of water. This does not seem to be the sole
reason for the expansion causing deterioration. Beaudoin and Mclnnig®
reported expansion even when benzene was used for the pre-saturation of
concrete after drying. Thus, the concrete was not pre-saturated with water,
and it was far below the degree of critical saturation. It must also be noted
that water-free benzene contractsupon freezing instead of expanding. This



324 Chapter 10 - Freeze-Thaw Resistance of LWAC

makesit moredifficult to understand the mechanism of freeze-thaw, freeze-
salt attack on concrete, especially when the theory of critical saturation(”)
aso fails. Thus, there must be some other factorsinvolved in this deterio-
ration mechanism. Some of the possible causes are hydraulic pressure,
osmotic pressure, chemical interaction, thermal compatibility of theaggre-
gates, etc.

2.0 HYDROSTATIC PRESSURE

The pore structure of portland cement paste is shown by a sche-
matic diagram in Fig. 10.1,!8 wherein gel pores and capillary cavities are
marked. The gel particles and gel pores are indicated as a heterogeneous
mass. The larger empty spaces indicate capillary cavities and the curved
boundary at the left represents a part of the wall of an air void.

24

X COLD FRONT

CAPILLARY 2
CAVITIES

AIR VOID

WATER IN

ESCAPE GEL PORES

BOUNDARY

Figure 10.1. Schematic diagram of the pore structure of portland cement paste.!®!
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Whenwater beginstofreezeinacapillary cavity, theincreaseinthe
volume due to ice formation forces the excess water out through the
boundaries of the specimen. It works like a pump and generates pressure.
It is called hydraulic or hydrostatic pressure. The magnitude of the
pressuredependsonthedistancetoan* escapeboundary,” the permeability
of theintervening material, and therateat which freezing occurs. Whenthis
pressureishigh enough to stressthe surrounding gel beyonditselasticlimit
or itstensile strength, it will cause permanent damage.

The hydrostatic pressure will be higher farther from the escape
boundary; thus, to prevent the disruptive pressure devel opment, the capil-
lary cavities need to be close. Experience shows that these should not be
farther than 80100 um from the nearest escape boundary.

2.1 Infiltration of a Concrete Structure by Ice

Thefreezing of water inaporousbody isdifferent fromthat of bulk
water. |ceinfiltration can only continueif thelocal size of the poreislower
thantheequilibrium size of theice crystal. Iceinfiltration can occur by two
processes:

 lceinfiltration due to the supercooling of water.
* Iceinfiltration under pressure.

Under atmospheric pressure, only a macroscopic ice crystal isin
thermodynamic equilibrium with a saturated porous body at 273°K. How-
ever, amicroscopic ice crystal requires supercooled water to penetrate a
porous body. The size of a microscopic ice crystal is related to the
temperature of supercooled water.[®! At any given degree of supercooling,
icewill infiltrate only interconnected poresthat are equal to or larger than
the critical diameter of acapillary. The relationship between supercooled
temperatures and the diameter of a capillary is shown in Fig. 10.2.11%

At any given pressure, ice crystals will infiltrate interconnected
poresthat are equal to or larger than the critical diameter. Pore size needed
for ice penetration at different restraining pressuresis shown in Fig. 10.3.
A high ice-concrete bond between the concrete and the external ice and
snow may act astheinitial restraining pressure. The high tensile strength
of iceinfiltrated concrete, dueto either of theabovetwo reasons, will ensure
continuing restraining pressure.
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Figure 10.2. Capillary size needed for ice penetration.!'%
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Figure 10.3. Pore size needed for ice penetration at different restraining pressures.!*”)
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2.2  Magnitude of Required Pressure for Frost Damage

To cause damageto afreezing concrete by aninternally generated
pressure, the pressure’ s magnitude needs to be about two timesthe tensile
strength of the frozen part of concrete™ The tensile strength of a
reasonable quality, saturated concrete is about 2.5 MPa at room tempera-
ture. This means the tensile strength of the same concrete will be about 4
MPaat -10°C and 6 MPaat -20°C. However, the exact temperature in the
freezing cycle at which damage occurs is rarely known. The damage-
producing pressure can, therefore, be between 8 and 12 MPa or approxi-
mately 10 M Pa. Themechanismof concretedeteriorationisto beexamined
with thisin mind.[1°)

Power s Hydraulic Pressure M echanism. In Powers’ theory,
the strength of frozen concrete was never considered. It is difficult to
visualize arealistic situation wherethe required pressure of 10 MPawould
begenerated by thismechanism. Furthermore, Powers' suggested equation
for calculating the hydraulic pressure predicts a pressure of only about
91.7% saturation.[*3 Concrete sampl es show damages bel ow thisdegree of
saturation.

Litvan’s Mechanism. Litvan!*® also did not consider the
strength of frozen concrete. Hedid not propose any method for cal culating
the pressure generated from his proposed mechanism.

Chatterji’s M echanism. Chatterjil'® proposed two mechanisms
which are capable of producing disruptive pressure, causing damage to
concrete:

» The mechanism of micro-lens formation. Movement of

water through concreteisvery restricted, and, as such, it
behaveslikeaclosed systemduringfreezing. It resembles
micro-lens formation. In a closed system, the pressure
generation due to the formation of ice may be cal culated
using the Clapeyron equation. The cal culated pressureis
1.25 MPa/°C.[* According to this concept, about 8°C
supercoolingisrequiredto causeany damage. Itisamore
realistic temperature, one which occurs during the freez-
ing and the thawing of concrete.

» Freezing of entrapped water. It is of interest to note that
apressure of about 7.6 M Pahas been measured in freez-
ingwater dropsof 7-8 mm sizewithvery little supercool-
ing, and higher pressure development is expected in a
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larger volume of water.[*5 A similar pressure generation
may occur in entrapped water in freezing concrete.!€l
This mechanism isin accordance with Litvan’s theory.

3.0 OSMOTIC PRESSURE

In winter, when deicing salts are used, salt gets dissolved and
penetratesinside the concrete. Thiscreates asalt concentration gradient in
the capillaries. This concentration increases as the water begins to freeze,
so thewater being forced from the capill aries has a higher concentration of
salt than the surrounding gel pore water. A pressure differential develops
inthe direction toward the capillary pore and oppositeto the flow of water.
Thiscreates osmotic pressure. The pressure required to overcome osmotic
pressureinthecapillary isacombination of the hydraulic pressurerequired
toforcecapillary water into the gel pore structure and the osmotic pressure
which resiststhisflow. The use of salt may al so increase the concentration
in the pore structure of surface concrete to a point where the salt solution
would act as antifreeze and increase the availability of moisture for
saturation of the concrete.

3.1 Sodium Chloride Solutions

Experience has shown that 2—4% sodium chloride solution hasthe
most disruptive effect..'”l This is mainly due to its higher partial vapor
pressure than sodium chlorides of higher concentrations. It causes the
greatest deterioration of concrete due to the optimum combination of
freezable water and the osmotic pressure it develops. If the concentration
increases above 4%, there is a decrease in deterioration. The higher
concentration of salt lowers the freezing temperature of the salt solution,
whichwould givethewater inthe capillary cavitiesan antifreeze effect and
reduce the amount of freezable water.
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4.0 SCALING MECHANISM

4.1  Salt Scaling Mechanism

Thesalt scaling mechanismisbestillustrated by anatural phenom-
enon showninFig. 10.4. When fresh concreteremainsin aplastic state, the
density of the particles of aggregate and portland cement will cause them
to settle and the water will tend to rise to the surface. This phenomenon,
known as bleeding, creates afilm of water on the freshly placed concrete.
Aslong as this water film is on the surface, the only natural compacting
forceistheforceof gravity. Rapid drying of the surface moisturemay lower
the water level so that particles of cement and aggregate are exposed as
indicated in Fig. 10.4.118 At this point, capillary forces resist further
lowering of the water surface. The magnitude of the capillary forces
depends on the diameter of the capillary. These forces are significant,
however, and may result in acompacting force computed to be from 500 to
1400 psf.[29120 Moreover if this mechanism devel ops before the concrete
has set, bleed water will continue to rise, but will be trapped beneath the
compacted surface layer on concrete pavements with aless dense surface
layer immediately underneath. The only condition needed to separate the
compacted surface from the pavement in freezing weather is sufficient
moisture to permit the growth of capillary icein the porous layer.

Water Surface
Water Surface

DD

As long as a film of bleed water covers the cement grains, the only compacting force
is the weight of the solid grain less the weight of the water. W =Ws - Wn

As the bleed water disappears, capillary pressure (P = P2 - P1) is added to the compacting forces
P = 2T/R, where T = surface tension and R = radius of the meniscus

Py F'1 Water
1 Surface
2 P

Figure 10.4. Compacting forces caused by the rapid drying of fresh concrete.[8]



330 Chapter 10 - Freeze-Thaw Resistance of LWAC

Thismechanism of accretion will providefor continued growth of
theicecrystalsaslong asmoistureisavailable. Deicing saltsnot only create
additional forcesthrough osmosis, but also provide an additional source of
surface moisture in freezing weather by melting the ice and snow. As
deicing salts melt snow and ice, the temperature immediately below the
surfaceissignificantly reduced because of the comparatively large heat of
fusion of ice. Thismay cause adamaging temperaturedrop in the saturated
zoneimmediately beneath the surface.[?!! Thus, thedeicing saltsmay cause
concrete to scale by any combination of the following:

» By providing moisture from the melting of ice and snow
in freezing wesather.

» By causing additional freezing through lowering the
temperature in the subsurface zone (ice cream freezer
principle).

* By creating a system which devel ops osmotic pressures.

» By building salt crystals in subsurface voids.

Y oung concrete is more susceptible to scaling than mature concrete. This
is attributed to the following:

» Partially-hydrated portland cement contains more capil-
lary voids.

» Partially-hydrated pastehasagreater degree of saturation
since portland cement draws water from adjacent capil-
laries asit hydrates.

* Inadditionto dimensiona changesdueto drying shrink-
age and thermal contraction, additional shrinkageresults
from the diffusion of unused water in the gel structureto
the capillaries. This is undoubtedly another cause of
crazing of new concrete in cold weather.

* Young concrete hasless strength and, therefore, hasless
resistance to the disruptive forces of freezing.

Chemical Interaction. Sodium chloride can interact with the
cement hydration products, making very soluble salts which leach out,
reducing the strength of concrete. This createsamore porous structure and
makesit easy for thepenetration of salt. Further, it caninteract with calcium
to form very expansive double salts; Friedel’s salt for example, which
creates cracks and thus causes damage to the concrete.
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Ca(OH), + 2NaCl — CaCl,, (leaches out) + 2NaOH

Capillary Effect. Analogous to the formation of ice lenses in
soils, acapillary effect!?? involving thelarge scalemigration of water from
small pores to large cavities, is believed to be the primary cause of
expansionin porousbodies. Accordingtothetheory advanced by Litvan, %]
therigidly held water by the C-S-H (both ininterlayer and adsorbed in gel
pores) in cement paste cannot rearrange itself to form ice at the normal
freezing point of water because the mobility of water existing in an ordered
state israther limited. Generaly, the morerigidly water is held, the lower
thefreezing point. Threetypesof water arephysically heldin cement paste.
In order of increasing rigidity, these are: the capillary waters in small
capillaries (10-50um), the adsorbed water in gel pores, and theinterlayer
water in the C-S-H structure.

It is estimated that the gel pores do not freeze above -78°C.
Therefore, when a saturated cement paste is subjected to freezing condi-
tions, while the water in large cavities turns into ice, the gel pore water
continues to exist as liquid water in a supercooled state. This creates a
thermodynamic disequilibrium between the frozen water in capillaries,
which acquiresalow energy state, and the supercooled water in gel pores,
which is in a high-energy state. The difference in entropy of ice and
supercooled water forces the latter to migrate to the lower energy sites
(largecavities), whereit can freeze. Thisfresh supply of water fromthe gel
porestothecapillary poresincreasesthevolumeof iceinthecapillary pores
steadily until there is no room to accommodate more ice. Any subsequent
tendency for the supercool ed water to flow toward the ice-bearing regions
would obviously cause internal pressures and expansion to the system.
Further, according to Litvan,[*3l123 the moisture transport associated with
the cooling of saturated porousbodiesmay not necessarily lead to mechani-
cal damage. M echanical damage occurswhen therate of moisturetransport
is considerably less than demanded by the conditions (large temperature
gradient, low permeability, and high degree of saturation).

It may be noted that during frost action on cement paste, other
regions undergo contraction (e.g., loss of adsorbed water from C-S-H
balance the tendency for certain regions to expand). The net effect on a
specimenis, obviously, theresult of two oppositetendencies. Thisexplains
why the cement paste contai ning no entrained air showed alargeelongation
(Fig. 10.5), while the cement paste containing 10% entrained air showed
contraction during freezing (Fig. 10.6).
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Figure 10.5. Cement paste with no entrained air, showing long elongation.[
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4.2 Influence of Rate of Cooling

Pigeon investigated the influence of therate of cooling for normal
concreteexposed to freeze-thaw cycles. He showed that thecritical spacing
factor decreased very significantly asthe freezing rateincreased from 2 to
6°C/h (Fig. 10.7).[24 Thisindicates that most of thedifference between the
value of 680um at 2°C/h and that of 250um at 11°C/h can be explained by
theeffect of thefreezing rate. Itispossiblethat freezinginwater, rather than
inair at 100% relative humidity, also has some effect on the value of L,
critical spacing factor. The main difference between the two types of tests
is probably not the intensity of internal cracking caused, but the surface
scaling. When concretefreezesinwater, scalingisoftenvery important, but
does not always occur when the freezing takes place in air.

Theinfluence of thefreezing ratewasanalyzed by Powers?® inhis
hydraulic pressure theory. It is very interesting to note that although this
theory isnot considered valid by most of theresearchers, it canstill explain
theresults shownin Fig. 10.7. Considering the 250 um value to be correct
for arate of 11°C/h, avalue of 600 um was obtained by Powers equation
for 2°C/h. A vaue of 450 um for 6°C/h is obtained if the calculations are
based on the value of 680 um for 2°C/h.

1000

Test results
(water/cement 0.5)

\ O Powers data

\ o
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Figure 10.7. Critical air void spacing factor versus rate of freezing for concretes with a
water-to-cement ratio of 0.5.[24
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4.3 Influence of Water-to-Cement Ratio

The influence of the W/C ratio on freeze-thaw durability was
studied on concretes made with different W/C ratios, 2! which were cured
in two ways:

e Moist cure until the start of the test,

e Continuously exposed to air with 80% RH from the day
they were cast.

Further, the concrete age was varied from 7 days to 91 days. The scaling
increased with an increase in W/C even though the air content and the
concrete consistency was almost the same. Thisis explained as follows:

* Anincreasein W/Cincreasespermeability, that is, theair
pores easily become water filled.

* Anincreasein W/C produces a coarsened pore structure
(Fig. 10.8a). Similar observations were made with the
addition of the air-entraining agent vinsol resin (Fig.
10.8b).

It can be concluded that a reduction of W/C is a very positive
measure sincethe probability of obtaining an air pore structurethat secures
agood salt scaling resi stance becomes higher with alow W/C. Thereby, the
specificsurfaceof air poresisincreased and the spacing factor isdecreased.

A comparative study of different Swedish portland cements has
shownthat thelow alkali/low C;A cement (A-cem: C3A = 2%, and Na,O
= 0.5%) gives the lowest scaling and the smallest spread between
individual specimens. It also seemsto give concretesthat areless affected
by different typesof admixturesand admixturecombinations.[?! |t hasbeen
found in other investigationsthat the spacing factor becomeslower with a
lower free alkali content in the pore water.[?"]

4.4 Densification with Condensed Silica Fume

High strength concretes, both lightweight aggregate and normal
weight, aregenerally madewith the addition of condensed silicafume. The
mechanism of freeze-thaw damage in the presence of a deicing salt is
different than without condensed silicafume.
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Thesalt frost attack seemsto consist of two phases. During thefirst
phase, the combination of salt pluswater givesriseto surface scaling. The
scaling starts during the first cycle. The second phase, with accelerated
deterioration, probably takes place when the critical degree of saturationis
reached in the complete material volume, after a number of cycles and a
certain time of water absorption.

Concrete, for example, without silica fume seems to be more
sensitive to the first phase, while concrete with silicafume is much more
sensitive to the second phase. The second phaseis, in some respects, more
“dangerous’ than the first phase due to the rapid development of damage
with internal cracking of high strength concrete during a freezing and
thawing test.

When silica fume is used in concrete, the water demand is in-
creased. To maintain the W/C, superplasticizers are used. Thisinfluences
the air void system, which is maintained by using air-entraining agents.

The freeze-salt resistance is lower with the simultaneous use of
AEA (air-entraining agent) and plasticizer than with using AEA only. Air-
entraining agents do not work the same way with the superplasticizers as
they work alone. Thisisbecause of the variationsin the surface charges of
the two chemical admixtures. The variations produce amore uneven and a
coarser pore structure and often cause more damage to the concrete (Fig.
10.9).

Water/Cement ratio: 0.45
Air Content: ~ 6%
Slump: 80 mm

101 AEA + Plasticizer

05T

Scaling (kg/m2)

Pure
AEA

0 714 28 42 56
Number of Cycles

Figure 10.9. Scaling resistance curves for air-entrained concretes. The air-entraining
agents (AEA) used are pure AEA and AEA-containing plasticizers, respectively.[28]
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Anordinary scaling test of up to 56 cycles showed that aconcrete
withaW/C of 0.35, with and without the addition of condensed silicafume,
behavesquitedifferently!?® (Fig. 10.10). Material Ashowsscaling, whereas
Material C shows excellent resistance. There is a dramatic change in the
situation at about 110 cycleswhen the sample breaksinto two pieces. This
is attributed to the internal damage of the concrete which was not visible
from the outside (microcrack development). A decrease in the W/C ratio
producesconcreteof high strength, therefore, thebrittl enessof theconcrete
isincreased.

1001

Loss of mass (%)

A: WIC =0.35; SIC=0
B: W/(C + S) = 0.54; SI/C = 0.11
C: WI(C + S)=0.35; SIC=0.19

L]
0 100 200
Number of Cycles

Figure 10.10. Scaling resistance curves (loss of mass) for concretes without (A) and with
(B)and (C)silicafumeasfunctionsof freeze-thaw cycles(W =water, C=cement, S=silica
fume).[28]

5.0 FREEZE-THAW RESISTANCE OF
LIGHTWEIGHT AGGREGATE CONCRETE

Klieger and Hanson[?®! did acomprehensive study of freezing and
thawing tests of LWAC. Nine lightweight aggregates and one normal
weight aggregate (No. 8) wereused. Out of thelightweight aggregates, five
were expanded shal e (aggregatesnumber 2, 3, 10, 11, and 12), an expanded
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dlate(aggregate5), an expanded clay (aggregate4), ashaleexpanded by the
sintering process (aggregate 7), an expanded blast-furnace slag (aggregate
6), and the normal weight sand and gravel (aggregate 8). Vinsol resin was
used as the air-entraining agent.

All the aggregates except expanded shale (10, 11, and 12) were air
dried and screened into the various size fractions. The fine aggregate
fractions for aggregates 2, 3, 4, 5, 6, and 7 were recombined to provide a
grading recommended in ASTM.

The normal weight sand and gravel grading were according to the
requirement of ASTM 33. The absorption, unit weights, and specific
gravity of these aggregates are shown in Table 10.1. Concrete prism
samplesof 3 x 3 x 11¥incheswere cast equipped with stainlesssteel gauge
studsfor length change measurement. Slabs for surface scaling tests were
3 x 6 x 15inches.

Concretes were prepared at two levels of compressive strength,
3000 psi and 4500 psi. Both non—air-entrained and air-entrained concrete
were prepared. The average strength of non-air concrete was 2910 psi and
that of the air-entrained concrete was 2600 psi. For 4500 psi concrete, the
average strength of the non—air-entrained concrete was 5700 psi, and that
of the air-entrained concretes was 4750 psi. The concrete compositions,
compressive strengths, and durability factors at 300 cycles are shown in
Tables 10.2 to 10.5.

Prisms and slabs were cured 14 days in the moist room at 73°F
(22°C) and 100% RH, followed by 14 days in the air of the laboratory at
73°F and 50% RH. Theprismswerethenimmersedinwater for 3daysprior
to the start of the freezing and thawing test. The surfaces of the dlabswere
coveredwithwater, one-quarter inch (6 mm) in depth, for 3daysprior tothe
start of surface scaling tests.

The prisms were frozen and thawed in tap water at all times. Two
cycles of freezing and thawing were obtained every 24 hours, 7 days per
week. The minimum specimen temperature attained was approximately
-10°F (-23°C) and the maximum was approximately 55°F (13°C).

Inthesurfacescalingtests, whichwereconducted on concretesl abs
made with three lightweight aggregates, the slabswith aquarter inch layer
of water on the surface (equal to 250 ml) were placed in a cold room
maintained at 0°F (-18°C) overnight. Theslabswereremovedthefollowing
morning and stored for 6 hoursin aroom maintained at approximately 70°F
(21°C). Flake calcium chloride (7% CaCl,) was applied directly to theice
onthesurfaceat therateof 2.4 1b/yd? (1.2 kg/m?) of surfacearea. At theend
of the thaw period, the solution of calcium chloride and water was poured



Table 10.1. Absorption, Specific Gravity, and Unit Weight of Aggregates®®!

Absorption by Weight Specific Gravity Unit Wt., Ib/cu ft
ANgg.r. Size 1hr 4 hrs 24 hrs Bulk Apparent Dry Loose | Dry Rodded
OvenDry| S.S.D

5 Fine 2.2 4.1 6.8 1.75 1.86 1.98 52 56.2
Coarse 11.3 12.6 14.9 1.17 1.34 1.41 42.1 45

3 Fine 2.1 3.6 4.8 1.91 2 2.1 72 77.2

Coarse 6.6 8 9.7 1.21 1.33 1.37 43.7 45.4

4 Fine 9.6 111 13.5 1.76 2 2.34 57.8 63.7

Coarse 11.3 12.7 15.6 1.5 1.73 1.96 49.6 54.2

5 Fine 3.4 4.4 6.6 1.97 2.1 2.26 62.7 68.6

Coarse 8.1 9.2 11 1.3 1.44 1.54 43.9 47.3

6 Fine 2.3 2.9 4 2.1 2.19 2.3 64.2 70.2

Coarse 6.2 6.6 7.1 1.46 1.56 1.62 44.2 47.3
7 Fine 5.6 6.3 7 1.91 2.05 2.21 64 68
Coarse 6.5 7 7.3 1.59 1.72 1.52 45 48

1 kg/m® = 15.8 Ib/cu ft

(Cont’d.)




Table 10.1. (Cont’'d.)

Absorption by Weight Specific Gravity Unit Wt., Ib/cu ft
ANgg.r. Size 1hr 4 hrs 24 hrs Bulk Apparent Dry Loose |Dry Rodded
OvenDry| S.S.D

3 Fine — — 2.2 — 2.65 — 108.2 112.7

Coarse — — 2.1 — 2.65 — 100 108.2

Fine 5.1 7.1 9.5 1.72 1.88 2.06 62.5 65.3

10 Medium 7.4 9.6 11.8 1.37 1.53 1.63 50.2 53.6
Coarse 7.7 9.4 12.3 1.28 1.43 1.51 43.8 47

11 Fine 7.9 10 11.7 1.61 1.8 1.98 56.2 65.2

Coarse 11.8 12.7 15.6 1.44 1.66 1.85 47.1 51.8

12 Fine 8.8 10.1 11.8 1.57 1.76 1.93 53.4 62.8

Coarse 5.4 6.7 7.7 1.32 1.42 1.47 44.1 49.6

1 kg/m® = 15.8 Ib/cu ft




Table 10.2. Composition and Properties, Non—Air-entrained Concrete, 3000 psil?9

Agdregare Coment uam'typeriugt;fe;z:* Slump | % Air | Unit Wt. 3%'3 Relative Cg?:_p'
No. | State sack | Ib Water Fine Coarse AEA in. |Content| Ib/cu ft cvcles DF psi
2 D 6.39 | 601 | 493 818 673 0 2.3 4.5 95.8 85 142 3200
w 6.4 | 602 | 591 820 675 2.3 2.7 99.5 45 161 2980
3 D 5.28 | 496 | 361 996 782 0 25 4.0 97.7 92 154 3330
w 5.3 | 498 | 433 1000 784 0 2.8 3.8 101.0 59 210 2710
4 D 4.54 | 425 | 536 1077 759 0 2.9 2.8 104.2 81 134 2840
W 455|427 | 665 1082 763 2.4 2.0 100.2 42 150 2830
5 D 6.36 | 598 | 461 1183 654 0 25 3.5 107.1 89 148 3230
w 6.21 | 584 | 540 1159 639 2.1 3.8 108.2 29 104 3030
5 D 6.99 | 657 | 462 1283 704 0 2.7 3.0 115.0 15 25 2860
w 6.92 | 651 | 505 1268 696 2.4 2.3 115.3 5 18 2500
7 D 6.51| 612 | 514 1232 716 0 2.7 2.0 113.8 5 8 2650
w 6.51| 612 | 545 1233 716 2.3 15 115.6 2 7 2730

* = Air-dried weight: kg =2.204 1b: inch = 2.54 cm: meter = 3.28 ft: yard = 3 feet: kg/cm? = 1/14.22 psi: kg/m® = 15.8
Ib/cu ft: D = Air dried: W = water saturated for 24 hrs.

(Cont’d.)



Table 10.2. (Cont’'d.)

Aggregate Cement uantity per iugt;fe;;g* Slump % Air | Unit Wt. %B Relative Cg;r:.p.
No. | State sack | Ib Water Fine Coarse AEA | inch |[Content| Ib/cu ft cycles DF psi

10 D 453 | 426 | 390 921 707 0 2.8 4.0 90.6 82 136 2460

W | 442 | 416 | 504 920 702 2.0 3.6 94.1 7 25 1760

1 D 5,51 | 518 | 527 1105 639 0 2.0 2.8 103.2 48 80 3350

W | 5,53 | 520 619 1113 644 2.3 2.0 107.4 24 86 3930

12 D 497 | 467 | 417 1108 601 0 2.0 3.5 96.1 43 72 3300

W | 5.06 | 476 | 514 1129 612 2.5 1.5 101.1 7 25 2630

8 D 3.97 | 373 | 339 1628 1763 0 2.2 1.5 152.0 60 100 2740

W | 397 | 373 | 339 1626 1761 2.0 1.7 151.8 28 100 2910

* = Air-dried weight: kg=2.204 Ib: inch=2.54 cm: meter = 3.28 ft: yard = 3 feet: kg/cm? = 1/14.22 psi: kg/m®=15.8
Ib/cu ft: D = Air dried: W = water saturated for 24 hrs.



Table 10.3. Composition and Properties for Air-entrained Concrete, 3000 psil?!

Aggregate Quantity per Cubic Yard Unit DE at . 284
Cement Aggregate* Slump % Wt. 300 Relative Comp.
No | State sack b Water Fine | Coarse AEA | inch Air Ib]{?u cycles D.F Str. psi
2 D 6.16 | 579 445 766 630 2660 3.3 5.5 89.6 88 98 2030
W 6.46 | 607 549 783 645 1810 2.4 6.5 95.6 90 94 2740
3 D 5.35 | 503 343 950 755 1588 2.3 7.0 94.2 94 104 3190
w 5.31 | 499 392 944 740 2085 2.8 8.0 95.5 89 93 2690
4 D 4.62 | 434 498 | 1042 734 1380 2.3 7.0 100.1 73 81 3020
w 4.64 | 436 630 | 1047 738 1255 2.6 5.7 105.4 90 94 2600
5 D 6.23 | 586 421 | 1108 611 1510 2.6 7.7 101.1 94 104 2800
w 6.21 | 584 510 | 1137 610 1635 2.7 7.7 103.4 91 95 2510
6 D 6.95 | 654 418 | 1213 666 2435 2.9 6.6 109.6 95 106 2550
w 7.20 | 677 446 | 1250 686 2206 2.2 6.0 113.2 95 99 2780
7 D 6.39 | 601 450 | 1150 668 4000 4.4 7.0 106.2 61 68 1770
W 6.64 | 624 480 | 1198 693 3115 2.1 5.0 110.9 41 43 2660

* = Air-dried weight; D = Air dried; W = water saturated for 24 hrs; + = Extrapolated values

(Cont’d.)




Table 10.3. (Cont’'d.)

Aggregate — Quantity per C:g;cre\;ri* S_Iump % Unit Wt. Dslzgt Relative Cﬁ?r(ljp.
No. | State sack b Water Fine Coarse AEA inch | Air | Ib/cu ft cycles D.F Str. Psi
10 D 4.49 422 351 888 679 990 2.6 8.0 86.8 90 100 2500
W 452 425 469 890 679 865 2.8 6.6 91.1 45+ 47 1990
11 D 5.45 512 459 1082 625 1245 2.2 6.7 99.3 41 46 2660
w 5.35 522 567 1093 632 1135 2.0 4.8 | 104.3 60+ 63 3320
12 D 4.97 467 395 1073 582 810 2.4 6.6 93.3 89 99 2440
W 5.11 480 481 1102 597 710 2.5 4.4 98.5 36 38 2500
D 3.91 368 310 1570 1701 1250 2.8 45 | 146.3 90 100 2810
8 W 3.91 368 310 1570 1700 1455 2.4 5.7 | 146.2 96 100 2590

* = Air-dried weight; D = Air dried; W = water saturated for 24 hrs; + = Extrapolated values




Table 10.4. Composition and Properties, Non—air-entrained Concrete, 4500 psil?°]

~ageaste Cement et CuAbg;;rZZraoie* Slump| 9% | Unit Wt. Dsli)gt Relative Cg?r?p.
No. | State sack Ib Water Fine | Coarse AEA | inch | Air | Ib/euft Cycles OF I str, psi
5 D 8.19 770 468 696 701 0 2.0 3.0 95.8 86 232 4890
W 8.12 763 554 692 697 2.7 2.5 99.5 23 96 4720
3 D 7.54 709 371 861 825 0 2.2 2.6 102.4 90 243 5200
W 7.24 681 420 818 783 0 2.7 2.2 100.1 20 83 4920
4 D 6.22 585 499 938 814 0 2.1 3.1 105.0 83 224 5680
W 6.02 566 648 945 820 2.9 1.5 110.3 50 209 4920
5 D 7.74 728 439 1022 691 0 2.6 2.8 106.7 74 200 5320
W 7.94 746 535 1019 689 2.5 2.1 110.7 16 67 4920
6 D 8.65 813 438 1100 736 0 3.0 2.6 114.4 28 76 4740
W 8.79 826 465 1103 739 2.8 2.7 116.0 12 50 5040

* = Air-dried weight: D = Airdried: W =Water saturated for 24 hrs: ** = Repeat test of aggregate 10, using alower cement
content

(Cont’d.)



Table 10.4. (Cont’'d.)

Aageasie Cement e Ret CLjAbg;;rzZﬁe* Slump( 9% | Unit Wt. DBFOS1t Relative Ci?ndp.
No. | State sack lb Water Fine | Coarse AEA | inch | Air | Ib/eu ft Cycles DF | str, psi
7 D 8.28 778 486 1075 766 0 2.6 15 115.0 7 16 4680

W 8.19 770 512 1066 760 2.6 1.6 115.1 7 29 4550

10 D 6.79 638 379 661 949 0 2.8 1.7 97.3 41 111 6510
W 7.00 658 494 668 959 2.9 1.5 102.9 8 33 6290

10% D 5.85 551 381 681 975 0 2.0 2.3 95.9 52 140 6100
W 5.79 543 508 680 975 2.3 1.6 100.2 8 33 4940

11 W 7.15 672 615 1000 628 0 2.6 2.1 107.9 21 88 4850
12 W 5.99 563 510 999 620 2.6 2.8 99.7 8 33 4750
8 D 4.90 461 239 1330 2081 0 3.0 1.0 152.2 37 100 5280
W 4.95 465 247 1339 2095 2.4 0.7 153.6 24 100 5660

* = Air-dried weight: D = Airdried: W =Water saturated for 24 hrs: ** = Repeat test of aggregate 10, using alower cement
content



Table 10.5. Composition and Properties for Air-entrained Concrete, 4500 psil?9

Aggregate CememQuantlty = iléglfe;(:{:* Slump % Unit Wt. | DF at 300 | Relative C(Z)?]?p.
No. | State Sack | 1b Water Fine | Coarse AEA | inch | Air | Ib/cuft | Cycles DF Str. psi
5 D 8.05 | 757 | 438 644 648 2614 2.7 7.5 92.1 91 111 4550

W 7.97 | 749 | 525 651 656 3607 2.4 6.5 95.6 93 100 4459
3 D 7.27 | 683 | 348 791 758 3706 2.4 5.7 100.9 93 114 4600
W 7.12 | 669 | 398 770 738 3607 2.8 6.0 105.2 94 101 3940
4 D 5.87 | 552 | 475 908 789 1536 2.5 6.5 102.8 71 87 4990
W 5.85 | 550 | 618 895 777 1513 3.1 5.4 108.1 82 88 4260
5 D 7.78 | 731 | 412 974 659 1862 2.8 6.1 110.6 97 118 4680
W 8.07 | 759 | 507 986 667 1885 2.7 5.5 1134 95 102 4780
6 D 8.77 | 824 | 403 | 1055 706 1644 2.5 6.5 110.0 98 120 4710
W 8.68 | 816 | 427 |1089 729 1648 2.1 5.7 111.2 99 106 4760

* = Air-dried weight: D = Air dried: W =Water saturated for 24 hrs: ** = Repeat test of aggregate 10, using alower cement
content

(Cont’d.)



Table 10.5. (Cont'd.)

~aaeaste Cement pentiper i:zlr(;;{:t?* Slump % Unit W. DBIth Relative C(z)?r(ljp.
No. Staterg ek b | V2 [Fine | Coarse | "°° inch | Alr | Ib/eutt Cycles DF Str. psi
D 8.08 | 760 439 | 1032 736 2033 2.0 5.2 95.2 80 98 4540
! W 8.13 | 764 475 | 1029 734 2147 2.3 4.9 99.3 64 69 4460
10 D 7.00 | 658 355 639 918 1420 2.3 5.2 99.2 93 114 6280
W 7.13 | 670 464 635 912 1411 2.7 4.6 98.0 92 99 6030
11 D 3.81 | 546 352 657 942 951 2.2 5.3 102.1 91 111 5380
W 5.79 | 544 467 650 932 1058 2.9 5.4 95.5 91 98 4540
12 D 7.01 | 659 564 941 592 1676 2.7 7.1 145.8 48 52 4500
W 5.97 | 561 467 957 594 1047 2.4 6.5 146.6 77 83 4040
8 D 4.83 | 454 202 1279 2001 1560 2.6 5.0 152.0 82 100 4600
W 4.85 | 456 220 | 1280 2003 1561 2.5 4.6 151.8 93 100 4750

* = Air-dried weight: D =Airdried: W =Water saturated for 24 hrs: ** = Repeat test of aggregate 10, using alower cement
content
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off thesurface, thesurfacewasrinsed withfreshwater, and thequarter- inch
(0.65 cm) layer of water added preparatory to repeating the daily cycle.
Surface scaling wasevaluated by visual examination and numerical ratings
periodically. The numerical ratings and their descriptions are as follows:

Rating Surface Condition

No scaling
Very slight scaling
Slight to moderate scaling
Moderate scaling
Moderate to bad scaling
Severe scaling

a ~ w N B+ O

Theindividual durability factorswere cal cul ated using the number
of cyclesat whichtherelativedynamic modul usreaches60% of theoriginal
at that time. The durability factor is asreliable an indicator of the distress
due to freezing and thawing, asis expansion during the test. On the other
hand, the relationships between expansion and weight change indicate
weight change to be arelatively poor indicator of damage. For example
many of the concretes showing marked reduction in dynamic modulus
showed gainsin weight rather than losses.

The durability factor is calculated by the following formula:

% Origina E

Eq. (1) Durability factor = x No.of cycles

where%0Original Eistheoriginal modulusof elasticity at theend of thetest.

51 Influence of Air Entrainment

In the case of air-dried aggregates (Table 10.3), aggregates 2 and
3 (expanded shale), 4 (expanded clay), possibly 5 (expanded slate), and 11
(expanded shale) show only minor changes in the durability factor with
entrainedair. Theremainder of theaggregates, including thenormal weight
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sand and gravel, show substantial increasesin thedurability factor. For the
soaked aggregates, however, marked increasesin durability were attained
by the use of entrained air. For example, for the 3000 psi concretes, non—
air-entrained concrete made with aggregate 6 (expanded bl ast furnace slag)
in the soaked condition had adurability factor of 5, whereaswith entrained
air thedurability factor was 95. Similarly, the respective durability factors
for aggregate 7 (expanded shale) inthe soaked conditionwere2and 41. The
data indicate that, for concretes of low durability, substantial increasesin
durability were effected by the use of artificialy entrained air in amounts
similar tothoseusedin concretesmadewith normal weight aggregates. This
isbecause of therefinement of air void systems. It isknown that the cement
pastein concreteisnormally protected against the effects of freeezing and
thawingif the spacing factor of theair void systemis0.008 inches (0.2 mm)
or less.[30)

5.2 Influence of Moisture Content of Aggregate on
Durability

Klieger and Hansen!?? showed that all of the concretes made with
the air-dried aggregates showed greater durability than the non—air-en-
trained concrete made with aggregate 10 (expanded shale). The durability
factor for the soaked aggregate was 7, whereas the durability factor for the
air-dried aggregate was 82, a significant difference.

The air-entrained concretes made with nine of the 19 aggregates
(dry and wet) showed slightly greater durability in the soaked condition
thanwhen air-dried (Table 10.3). Inall but one of the nine cases, aggregate
11 at 3000 psi, thedurability factorswere aready at ahighlevel, therefore,
the small differences were probably not significant.

In the case of aggregate 11 (expanded shale), the durability factor
for the soaked aggregate was 60 compared to 41 for theair-dried aggregate.
This particular behavior does not appear to be explainable in terms of air
content or any of the other measured properties of these concretes.

5.3 Influence of Strength

For thenon—air-entrained concretes(Tables10.2and 10.4), strengths
did not appear to be of significant influence in determining the resistance
of these concretes to freezing and thawing.[>®! However, some aggregates
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showed significantly higher durability at 3000 psi concrete strength than at
4500 psi. On the other hand, the reverse was true for an equal number of
aggregates, althoughthedifferenceswerenot asgreat. Theleaner mixes
in these non—air-entrained concretes generally had somewhat higher air
contents than the richer mixes, and this may be the reason for some of the
differences observed.

For air-entrained concretes (Tables 10.3 and 10.5), the durability
factorsof the4500 psi concretewere generally greater than for the 3000 psi
concretesmadewith the same aggregates. Thiswasparticul arly marked for
aggregates 7, 10, and 11 (all expanded shale aggregates) when used in a
soaked condition.

5.4 Influence of Absorption on Lightweight
Aggregates

The degree of saturation isakey parameter for the frost durability
of concrete. When performing laboratory tests of LWAC, the moisture
condition of LWA is of particular importance. Due to its porous nature,
LWA canhold considerableamountsof water that may causefrost damage.

Klieger and Hansonl? studied water absorption of 4500 psi
concretes; absorption wasdetermined in accordance with the procedure set
forthin ASTM C330-53 T, on lightweight aggregates for structural con-
crete. For strength of 4000 psi, the absorption islimited to a maximum of
15%. Figure 10.11 shows the relationships between the absorption of the
concretes made with the lightwei ght aggregates and their durability factor.
The data shows that an absorption limitation is not a valid means of
producing concretes resistant to freezing and thawing. The absorption of
the concretes containing entrained air are quite similar to thosefor the non—
air-entrained concretes, yet the durability is markedly different.

Jacobsen, et a3 have shown that the water absorption of
concreteisgreater for LWA wet than LWA dry. The characteristics of the
aggregates are shown in Table 10.6 and the physical properties of the
concretesin Table 10.7. The results are surprising since one would expect
the self-desiccation to suck at least some water from the wet aggregate
particles, thereby reducing the amount of water absorbed externally.
Further, air-entrained normal density aggregates (NDA) absorb more than
thenon—air-entrained concretewith normal density aggregates(ND), LWA
dry, and LWA wet during curing. Thisisexplained by thefilling of theair
voidsin addition to thefilling of the self-desiccation pores, in accordance
with the findings of Helmuth.[%]
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Table 10.6. Composition and Properties of Fresh Concretel3l

Chapter 10 - Freeze-Thaw Resistance of LWAC

Material LWA dry LWA wet ND NDA
Cement kg 428 426 440 401
CSF kg 36.9 36.7 37.9 34.5
Aggregates: 585 583 1765 1609
ND kg
LWA kg 679incl. 826 (water - -
6.9% abs. saturated)
SPkg 7.80 6.32 11.92 8.12
AEA kg - - - 0.53
WI/(C + CSF) 0.35 0.35 0.35 0.35
Density (kg/ m?3 1910 2020 2410 2160
Slump (mm) 20 120 210 150
Air (vol%) 2.4 2.8 14 11.8
LWA dry - ovendry LWA, LWA wet - vacuum saturated LWA, ND - normal
density aggregate, NDA - normal density aggregate and air entrained.

Table 10.7. Compressive Strength, Density, Moisture Content, Absorp-
tion, and Air Void Characteristics!

Property LWA dry | LWA wet ND NDA
fog (MPa) 74.5 72.3 104.7 65.2
Density (kg/ m3) 1920 2030 2470 2280
we (vol% of concrete) 14.4 28.5 111 12.2
Absorption at curing 31 5.0 4.5 8.1
(vol% of paste)
Air voids (vol %) 17 19 2.0 13.2
we - moisture content (105°C). Absorption given is at water curing, air void
characterstic is according to ASTM 457.
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Compressivestrengthis104.7 MPafor ND, and 72.3and 74.5 M Pa
for LWA wet and LWA dry, respectively, indicating a somewhat lower
water-to-cement ratio of thelatter. NDA had asignificantly lower strength
than ND due to the high air void content.

The lightweight aggregates (dry) have shown excellent perfor-
mancein thefreeze-thaw resistancetest accordingto ASTM C 666-54 and
the salt-frost resi stance test according to SS 1372 44 (Table 10.8). It shows
that the LWA concrete can perform well in frost tests without air entrain-
ment, in accordance with earlier experiences. Vacuum-saturated LWA
(wet) resultsinsevereinternal cracking inboththescaling and cracking test
after very few cycles. Table 10.8 showsthat the internal crackingin LWA
wet became severe very quickly, whereas it started more gently in ND.
Obvioudly, the saturated LWA particles create avery destructive pressure
upon freezing.

Surface scaling, onthe other hand, wasonly alittle higherin LWA
wet than in LWA dry. The ND concrete required air entrainment to be
durablein both the salt scaling and the internal cracking tests, in spite of a
compressive strength of 104.7 MPa. In earlier studiesof concretesof lower
strength and higher water-to-binder ratio,!3 very good scaling durability
was observed. Clearly, factors other than W/B may influence the need for
air entrainment in these tests. Such factorsinclude cement type, additional
cementing materials, admixtures, aggregate, curing conditions, age, and
preparation beforefrost testing and freeze-thaw cycling. By comparing the
scaling resultsof ND (high scaling) and LWA wet (relatively low scaling),
it appears that the paste quality cannot always guarantee good scaling
durability. Apparently, the aggregate properties (porosity, stiffness, inter-
face, etc.) play arolein the scaling process.

Inadditionto LWA dry, NDA also performed very well in bothtest
methods. It was, however, noted that the degree of saturation increased
continuously during the test for both concretes. That means that both air
voidsand LWA particlestook up water during freeze/thaw when in contact
with water. After 300 cycles, LWA dry and LWA absorbed 1.1 and 1.3%,
respectively, of concrete volumewithout deteriorating. In both ASTM and
SStests, internal cracking was accompanied by an even higher absorption
due to freeze/thaw which was also observed by Fagerlund!®® and
Jacobsen, et al.[34



Table 10.8. Results of Rapid Freeze-Thaw Test (ASTM C666 proc. A)[34

Cycles DI; I
Concrete Durabilit
0 35 69 105 139 209 300 ( Factor) y
LWA dry 2625 2600 2590 2600 2610 2620 2610 99
Ffzf‘esqou”;r‘c‘;e LWA wet | 2500 0 2
(Hz) ND 2925 2830 1630 11
NDA 2640 2590 2580 2610 2690 2560 94
LWA dry 0 0.2 0.3 0.4 0.5 0.7 1.1
Absorption | LWA wet 0 3.7
(vol%) ND 0 1.3 1.3
NDA 0 0.5 0.7 0.9 1.0 1.1 1.3
LWA dry 0 0.01 0.01 0.02 0.03 0.05 0.09 0.14
Scalng LWA wet 0 0.12
(kg/m”) ND 0 0.01 0.02
NDA 0 0.03 0.05 0.07 0.09 0.12 0.2
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5.5 Durability Relative to Normal Concrete

Klieger and Hanson[??! calculated the relative durability factor of
lightweight aggregate concrete (Fig. 10.11). They showed that therelative
durability factorsof lightweight concretesranged fromalow of 7%toahigh
of 243% for the non—air-entrained concretes. For the air-entrained con-
cretes, the range was 38 to 120%, a considerably smaller rangein relative
durability than for the non—air-entrained concretes. The results are quite
similar to what would be obtained in a comparison of anumber of normal
weight aggregates of different types. Aggregate properties influence the
durability of concrete. The use of air entrainment raises the durability of
concretemarkedly, but theaggregate propertiesmay still operateto produce
measurable differences in durability, even at relatively high levels of
durability.

100 100
.o, NON-AIR-ENTRAINED
80¢t. . 80 | SOAKED AGGREGATES
60 60
[0 .
°
(% 40 | . 40
NON-AIR-ENTRAINED ° . ®e
§ 20 | SOAKED AGGREGATE 20 L
® 0 8 : 0
§ 0 5 10 15 20 25 0 5 10 15 20 25
S 100 P 100 RTIR
£ so} . 80 .
s .
S 6o 60 -
a . .
40 40
20] ARENTRAINED 20 AIR-ENTRAINED
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Figure 10.11. Relationship between absorption of concrete and durability factor.[29]
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This comparison does not mean that air-entrained concretes made
with lightweight aggregates, with relative durability factors lower than
100%, would not be suitable for use in exposed structures subjected to
freezing and thawing. It does indicate the probable relative standing with
regard to normal weight aggregate 8.

There are undoubtedly normal weight aggregateswhich, although
inferior to aggregate 8, still have satisfactory field performance records.
They would similarly show relative durability factors below 100% when
compared with aggregate 8.

Itishardtoestablishaminimumrelativedurability factor using one
normal weight aggregate asthebasisfor therel ativeval ues. It appearsmore
desirable and defensible to establish a minimum durability factor for the
particular concrete, say avalue of 70 based on 300 cycles of freezing and
thawing. If 70 was the durability factor selected, two of the aggregatesin
3000 psi air-entrained concrete would not meet this requirement in either
the air-dried or soaked condition, and an additional two aggregates would
not meet thisrequirement when used in asoaked condition. For the 4500 psi
air-entrainment concretes, two of the aggregates would fail to meet this
requirement when used in a soaked condition, while all of the aggregates
used in the air-dried condition would meet this requirement.

Chandra®I[36 hasinvestigated thefreeze-thaw resistanceof LWAC
with the addition of aconventional air-entraining agent, apolymer disper-
sion (CEMOS). The lightweight aggregate concrete was made with ex-
panded clay aggregatesL eca™. CEM OS containssoft microparticlesof 0.1
pmdiameter and hasafilm-forming ability. For comparison, normal weight
concrete of 15 cm cube compressive strength was al so tested. The compo-
sitionisgiveninTable10.9; 25 x 25x 12.5 cubeprismswerecut intwo parts
to get cut surfaces (area25 x 12.5 = 312.5 cm?). The specimenswerestored
for 28 daysin aclimate controlled room at 60% RH and 20°C temperature.
Later, they were stored in water for 28 days.

A freeze-thaw test was performed by immersing the samplesin a
saturated NaCl solution at -20°C for 16 hours and thawing in tap water at
room temperature.[38 The samples were weighed after a particular period
and the weight loss was measured. The weight loss and the physical
condition of the samples are shown in Fig. 10.12.

Results show the least damage in specimen M100 among the
lightweight aggregate concrete cut specimens after 50 cycles. The normal
weight concrete was badly damaged after 35 cycles only. The test was
stopped for thenormal weight concreteand continued for theother concrete



Table 10.9. Composition and Strength of Concrete for Freeze-Thaw Test[351[3¢]

Sand, Leca™ kg/m3 Sand/GrBaveI
Sample Cement ’ ' kg/m Fresh Den. | 28d Comp.
No. Adm % 3 wiIC 3
No. kg/m™ | sand |Leca™ |Leca™| Sand | Gravel kg/m Str. MPa
©0-4) | (2-4) | (a-16) | (0-8) | (8-16)
1 | M100 CElMSOS 310 | 265 | 140 | 230 _ — |os3| 1020 10.4
2 | m101 CE'\{'OS 310 | 265 | 140 | 230 _ — | os7 | 1100 146
3 | M102 CE'\é'OS 310 | 265 | 140 | 230 _ — |os7| 119 155
4 | M103 %A(')ESA 310 | 265 | 140 | 230 _ — | os1| 1240 18.4
5 | M104 CMlTZ 310 | 265 | 140 | 230 _ — | o050 | 1280 18.9
6 | M10s | — 20 | — | — — | 1180 | 665 | 075 | 2430 36.3
7 | M106 CE'\{'OS 20 | — | — — | 1180 | 665 | 069 | 2170 28.0

CEMOS—Polymer dispersion with afilm-forming ability
CMT2—Solid polymer microparticles
M105-M 106—Normal weight concrete

CAEA—Conventional air-entraining agent
M100-M 104—L ightweight aggregate concrete
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types. The main reason for this damage was traced to the entrained air, as
well as the hydrophaobic, character of the polymer CEMOS. The damage
wasontheborder of the aggregate and the cement paste. Thisindicatesthat
the adhesion between the aggregate and the cement paste is weakened
during the freeze-thaw test. This may be due to the development of
hydraulic and osmotic pressures. The admixture, CEMOS, seems to coat
the aggregate surface, thereby decreasing its water absorption and, conse-
guently, increasing the freeze-thaw resistance.

2.0
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1.8
1.7
1.6

1.5
1.4
1.3

1.2
1.1

1.0
0.9

0.8
0.7
0.6
0.5
0.4
0.3

Weight loss mglmm2

0.2
0.1

50 cycles
cycles

M M M M M M M
100 101 102 103 104 105 106

Number of Specimens

Figure 10.12. Mass loss of the samples during freezing and thawing.[3%
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6.0 FIELD TESTS

The samples described in Sec. 5.0 of this chapter were put near
the Gota River bridge (Goteborg) motorway in January, 1979. The speci-
menswere placed on the ground with the cut surface down. The specimens
were taken out after two years. In winter, deicing salt was used. The
temperature record for this period as obtained from the Swedish Climate
Officeof the Swedish Institutefor Meteorol ogy and Hydrology isshownin
Fig. 10.13.
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Figure 10.13. Minimum and maximum temperatures during the two winter periods 1979
and 1980.03
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After thefirst winter no appreciable damages were noticed. It was
observed during the inspection that the damage mainly occurred in the
March-April period. From the temperature curve, this was the critical
period as there was amaximum fluctuation of temperature, i.e., maximum
freezing and thawing occurred in thisperiod. M ore damages appeared after
the second winter exposure. This may be dueto the water saturation of the
samplesduringrains. Theresultshaveatrend similar to theresultsobtained
in the laboratory tests.

The samples after two winter exposures are shown photographi-
cally inFigs. 10.14 and 10.15. Thisimpliesthat the results have something
to do with the aggregate type as the paste was the same in both cases.

Figure 10.14. Lightweight aggregate concrete (M 100) and normal concrete without air-
entraining agent (M 105) after two winters; (a) cast surface, (b) cut surface.[3°!
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Figure 10.15. LWA concrete after two winters, M100 with 1.5% CEMOS, M103 with
conventional air-entraining agent, and M104 with CMT 2; (a) cast surface, (b) cut
surface.[%0!

6.1 Internal Cracking During Freezing and Thawing

Increase in strength increases brittleness of the concrete. Conse-
guently, concrete becomesless el astic. During freezing, when water trans-
forms to ice, there is volume expansion. Brittle concrete is unable to
accommodate this expansion, which leads to the formation of internal
stresses. When these stressesexceed thetensil e strength of concrete, cracks
are developed. The modulus of elasticity is calculated by measuring the
time taken by a sound wave to travel a particular distance. The time is
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related to the microstructure of the concrete. If there are cracks, the time
taken will be more, and the modulus of elasticity, which is inversely
proportional to thetime, will decrease. Durability factor isdirectly propor-
tional to the modulus of elasticity and, therefore, will also decrease. Thus,
the lower the durability factor, the higher the cracks, and the concrete is
damaged even if there is no weight loss. Weight loss actually gives a sort
of warning, and provides a possibility of repair. But, in the case of high
strength concrete, one does not get this warning and the damage is more
severeand costsmoreto repair, if repair ispossible. In many casesit needs
replacement.

c=t
t
where C = sound velocity
L = length of the sample
t = time
E=C%p
where E = modulus of elasticity
p = density of the material
o i
DF — % original E><n
300
where DF = durability factor
%Origin E = modulus of elasticity
n = number of cycles at the end of the test

Jacobsen, et al.,13 have shown that the crack formation islower in
the case of lightweight aggregate concrete made with the expanded clay
aggregate Leca™ compared to the high strength normal weight concrete.
Cracks followed around most of the aggregate particles.

Whiting and Burg!®®! investigated the internal cracking durability
of various LWA concretes including some high strength LWA concretes.
All concretes were air entrained. The test methods were ASTM C666
procedure A with various types of cycles, and Fagerlund’ s critical degree
of saturation method.!33 Results of the ASTM C666 procedure A type
testing showed very good durability for all theconcretestested. Whenusing
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morethan 300 cyclesor “Arctic” typefreeze-thaw cycling (lower tempera-
tures, higher number of cycles than the standard 300), internal cracking
devel opedinsome, whereasmost concretessurvivedwell. Failureoccurred
either at ahigh degree of saturation (few cycles), or after ahigh number of
cycles at a comparatively low degree of saturation. In most cases, a clear
correlation betweentheincreased degreeof saturationandfrost damagedue
to internal cracking was found.

However, for the high strength LWA concrete, high scatter and no
clear correlation between degree of saturation and internal cracking was
observed. A variationinthe degree of saturation was obtained by immers-
ing concrete specimens for various periods of time under vacuum. Appar-
ently, low paste permeability made uniform resaturation difficult. Various
degrees of surface scaling were observed on all concretes at prolonged
freeze-thaw cycling in water.

6.2 Resistance to Deicer Scaling

Concrete, when exposed to deicing salt during freezing and thaw-
ing, isdamaged partly duetothechemical interaction of saltsand partly due
tofreezing and thawing aswas explainedin Sec. 4.0 (Scaling M echanism).
Some of the LWAC with and without air-entraining agents were tested.[?°)
A comparison was done with normal weight concrete. Air-entrained con-
cretesmadewiththreeof thelightwei ght aggregateswereused to determine
freeze-thaw resistance with deicing salt. The physical characteristics of
these concretes and the surface scal e ratings through 300 cycles of testsare
shown in Table 10.3.

Non-air-entrained concretes (Tables 10.2 and 10.4) made with
normal weight aggregates generally reached ascalerating of 5 at about 50
to 75 cycles of test. Air-entrained concretes made with these same aggre-
gatesshowed surface scaleratingsbetween 1and 2 at 175 cyclesof test, and
between 1 and 3 at 300 cycles of test. On this basis, aggregate 3 would
appear to be satisfactory in either the air-dried or soaked condition for an
exposureinvolvingtheuseof deicers. Similarly, aggregates4 and 10, when
usedintheair-dried condition, would appear to be satisfactory, but possibly
not when used in the soaked condition.

Zhang!®? investigated the salt scaling durability of non—air-
entrained, high-strength LWA concretes with various types of LWA. The
concretes had water/binder ratios in the ranges of 0.28 and 0.44 and were
made with the addition of 0 and 9% silica fume. The concretes showed
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excellent scaling resistance. The test was performed according to the
Swedish Standard SS 1372 44. However, some accel eration of the scaling
was observed for some of the concretes after approximately 50 cycles.
Hammer and Sellevold®? also obtained similar results.

Jacobsen, et .13 investigated the interrel ation between internal
cracking and scaling of high strength lightweight aggregate concrete. Four
concretes were tested; two with lightweight aggregate, LWA dry and wet,
and two with normal density aggregate, ND dry and wet. All had awater-
to-binder ratio of 0.35, and asilicafume-to-binder ratio of 0.08. Thevolume
of thepastein concretewaskept constant at 32% of volumeof concrete. The
lightweight aggregateswere Leca™ 800 with aparticle density of 1425
kg/m?®anda28 day compressivestrengthof 72.3and 74.5 M Paand densities
of 2030 and 1920 kg/m? for wet and dry LWA concrete, respectively.

The aggregates used were either oven dried or vacuum saturated.
The absorption of dry LWA from fresh cement paste was assumed to be
6.9% by mass. The normal aggregates were of granite origin.

The LWA dry concrete performed very well in frost resistance
without air entraining, whereasthe water saturated LWA concrete showed
severeinternal cracking in both the scaling and cracking test. Theinternal
crackingin L WA wet concrete became severevery quickly (Fig. 10.16),134
whereasit started moregently in ND concrete. Thisisbecause of the higher
degreeof saturation of thewet particlesfrom the very beginning, aswell as
the significant increase in the water and/or salt solution at the start of the
freeze/thaw testing compared to i sothermal water storage/water absorp-
tion. Thisincreases the degree of saturation in the beginning.

< 3000 ; |
T —o——0 o —— o o==0
< 2500
2
g 2000 ——a— LWA D (DF = 99)
o
£ 1500 —o— LWAW (DF=2)
3 ——— ND (DF = 11)
¢ 1000 —o— ND A (DF = 94)
& 500 |
& 0 L
0 50 100 150 = 200 250 300

Number of Cycles

Figure 10.16. ASTM C 666 procedure A, resonance frequency versus the number of
cyclesin the beams.[3!
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This seems to create a very destructive pressure on freezing.
Surface scaling, on the other hand, was only somewhat higher in LWA wet
concrete than LWA dry concrete (Fig. 10.17). ND concrete did not show
good performancewithout air entrainment, evenif the strength wasashigh
as 104 M Paand thewater-to-binder ratio wasaslow as0.35. By comparing
the scaling results of ND concrete (high scaling) with low scaling of LWA
concrete, it can be concluded that the aggregate has an important effect on
the frost-salt resistance.

Scaled Material (kg/m?)
N
[4;]

0 10 20 30 40 50 60 70 80 90 100

Number of Cycles

Figure 10.17. Swedish Standard SS 1372 44, scaling on the slab surfaces versus the
number of cycles.[3

7.0 CONCLUDING REMARKS

The freeze-thaw cycle test actually does not adequately represent
natural freezing conditions. The freezing period, in practice, normally is
much longer outdoors. The phenomenon of ice accretion in capillary
cavities during the freezing period described by Powers, Helmuth, and
others is possibly more important than the hydraulic pressure generated
during the freezing of water. The critical spacing factors for concretes
exposed to long freezing periods perhaps could be smaller than those for
concretes submitted to usual freeze-thaw cycle tests.

A freeze-thaw test in water at freezing ratesranging from 2to 6°C
are required to determine the critical spacing factors when concrete is
frozeninwater at theselow ratesand al soto eval uatetheintensity of surface
scaling in the absence of deicer salts. Scaling is a form of deterioration
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different from internal cracking. The change in length and the loss of the
dynamic modulus of elasticity from which L are determined are basically
dueto internal cracking.[”!
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Glossary

1.0 TERMINOLOGY AND DEFINITIONS

Aardelite. Sintered fly ash aggregate, fly ash collected
from theflue gasof thermal power stationsisdampened
with water and mixed with coal slurry in screen mixers.
The material is then fed into rotating pans, known as
pelletizers, to form special pellets. These are then
sintered at atemperature of about 1400°C. This causes
the ash particles to coalesce, without fully melting, to
form a lightweight aggregate. These are known under
the commercial name of “Lytag™.”

Aglite. It is produced in the UK by mixing clay pellets or
shale with ground coke, passing it over a sinter strand
hearth, then through the crushers. These are angular
because they are crushed and graded.

Exfoliated Vermiculite Aggregates. Vermiculite is a
mineral of laminar formation, similar in appearance to
mica, but unlike mica, it expands (exfoliates) rapidly
when heated, thereby radically reducing the density.

401
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Expanded Perlite Aggregates. Perliteisaglassy volcanic
rock containing water. The aggregates are formed by
crushing the material to graded sizes and rapidly
heating it to the point of incipient fusion (approximately
1300°C). At thistemperature, thewater dissociatesitself
and expands the glass into a balloon-like formation of
small bubbles to produce a cellular-type material with
low density.

Expanded Slag Aggregate. See Foamed Slag.

Expanded Slate, Solite. When a certain type of date is
rapidly heated, a resulting generation of gases changes
the characteristic laminar structure into a product
containing large numbers of minute contours separated
by glassy walls. The material is first crushed and then
heated in a oil-fired rotary kiln. After cooling, the
expanded slate is graded. The graded slate is known by
the commercial name “SOLITE Aggregate.”

Foamed Slag. Molten slag from apig iron blast furnace is
treated in the molten state (approximately 1300°C) with
a controlled amount of water (or in some industrial
processes by steam and compressed air) so that the
steam is trapped in the molten mass to give the slag a
porous structure, very similar to natural pumice. Thisis
called “Foamed” or “Expanded Slag Aggregate.”

High Strength Lightweight Aggregate Concrete
(HSLAC). Lightweight aggregate concretewhich hasa
cube compressive strength of 50 MPa and over is
classified as High Strength Lightweight Aggregate
Concrete.

Leca™, Light Expanded Clay Aggregates. These are
produced from aspecial typeof clay suitablefor bloating.
It is ground and pretreated before passing through a
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rotary kiln. Thisforms arange of spherical pelletswith
aglazed but porous skin. These are madein Sweden and
Norway and are called, for example, Swedish Leca™,
and Norwegian Leca™.

Liapor ™. These are also expanded clay aggregates. The
process of their manufacture is different from the
production of Leca™. They are first pressed into balls
of adesired shape, dried, and then burned. Thus, unlike
Leca™, their size and shape is very precise, thereisno
dust or 0—1 mm portion.

Lytag™, Sintered Fly Ash Aggregate. See Aardelite.

LWA, Lightweight Aggregate. The aggregates which are
light and porous are called lightweight aggregates. They
do not have any crystallized mineral ogical composition.
They have a glassy surface, cellular structure, and can
be natural or man-made.

LWAC, Lightweight Aggregate Concrete. The concrete
made by using lightweight aggregateiscalled lightweight
aggregate concrete. It has low density and strength.

Pumice. These are volcanic aggregates and are formed
when the SiO,-rich molten lava cools. The molten
magma has plenty of air and gases which get entrapped
during sudden cooling of the magma. This makes the
aggregates porous. The sudden cooling does not allow
the crystallization of the minerals, so it attains glassy
structure. It isfound in Iceland, Italy, Greece, Turkey,
and Germany.

Pellets. A ball-like form made from ash by moistening it,
which is sintered for making lightweight aggregate.
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Pelletization. Thisis a process for making pellets, a ball-
like shape of ash made by moistening it, whichis later
sintered in the kiln for making lightweight aggregates

Ramtite. Sintered Fly Ash Aggregate. See Aardelite.

Rotary Kiln. It is a cylinderical kiln which generally has
three sections: preheating, burning, and cooling. It is
long and rotates and has a slope so that the material
inside passes by itself. There are sometimes chains
insidewhich break the clay into small pieces. When the
clay passesthe heating zoneit expandsand is cooled by
air blowing into the cooling zone.

Scoria. Volcanic aggregates found, for example in Greece,
Iceland, and Turkey. See Pumice.

Sintering. A process of burning aggregates in industrial
furnacesto vitrification. They acquireacellular structure,
aporous structure where the pores are separated by the
vitrified walls.

Structural Lightweight Aggregate Concrete. It is the
lightweight aggregate concrete which is used for
structural purposes. It hasaparticular strength whichis
recommended according to the standard of particular
countriesto qualify for usein theload-bearing structures.
In Sweden, it should be equivalent to K8. The concrete
should have a minimum, 15 cm, cube compressive
strength of 10.5 MPa.

Tuff. A pyroclastic rock of consolidated vol canic fragments
found in Y ukon Canada and Eastern US.
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2.0 ABBREVIATIONS

ASTM

BS
DIN
GOST
1S
ISO

SS

OPC

PFA

BFS

CSF

LWA
LWAC
LC

NC, NWC

American Society for Testing andMaterials
Standard

British Standard of Test Methods
German Standard of Test Methods
Russian Standard of Test Methods
Indian Standard of Test Methods

International Standard Organization for
Test Methods

Swedish Standard of Test methods
Ordinary Portland Cement
Pulverized Fly Ash

Blast Furnace Slag

Condensed Silica Fume
Lightweight Aggregate
Lightweight Aggregate Concrete
Lightweight Concrete

3.0 SYMBOLS

Normalweight Concrete
Cao Calcium oxide
Al,Oq Aluminium oxide
CaS0O, Calcium sulphate
H,O Water
Fe,Oq [ron (I11) oxide
Ca(OH), Calcium hydroxide
Ca0-S O, Calcium silicate
Ca0-Si0,-H,0 Calcium silicate

hydrate: Tobermorite

2Ca0-SiO, Di-calcium silicate
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C,S
CA
C,AF

3Ca0-Si0,

CGASS'H32

CaCo,

Al,O,, Fe,04

NHa(gas)
Na,0-Al,05-4Si0,-2H,0
CaCl,

KOH

H,CO4

Cl

HCl(aq.)

NO,

NO,

HNO(aq)

NaOH

SO4(9)

S04

HZSO4

NaCl
R,0-RO-R,0,:(2-4)SIO,
‘nH,O

Glossary

Tri-calcium silicate
Tri calcium aluminate

Tetra-calcium alumino-
ferrite

Ettringite

Potassium alumina
silicate (Potassium
feldspar)

Calcium carbonate
(Calcite, Vaterite,
Aragonite)

Amphoteric oxides
Ammonia
Analcime
Calcium chloride
Caustic soda
Carbonic acid
Chloride
Hydrochloric acid
Nitrogen oxide
Nitrate

Nitric acid
Sodium hydroxide
Sulfur dioxide
Sulfate

Sulfuric acid
Sodium chloride
Natural zeolites
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4.0 CONVERSION FACTORS
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From To Divided By

LENGTH

Centimeters Microns 0.0001

Inches Centimeters 0.3937

Feet Meters 3.28083

Miles (English) Kilometers 0.62137
AREA

Square inches Square centimeters | 0.1550

Square feet Acres 43560

Acres Hectares 2.471044

Square feet Hectares 107639
VOLUME

Cubic yards Cubic meter 1.3070

Gallons (US) Liters 0.26418

Cubic feet Gallons (US) 1.3368

Gallons (US) Gallons (British) 1.20094
WEIGHT

Pounds Kilogram 2.204622

Tons (short) Metric tons 1.10231

Tons (long) Metric tons 0.98421

Barrels (376 pounds) | Metric tons 5.8633

Tons (short) Tons (long) 112

Barrels (376 pounds) | Tons (long) 5.957

Barrels (376 pounds) | Tons (short) 5.3191
STRENGTH

Pounds per Kilogram per

square inch square centimeter 14.2233

TEMPERATURE

Degree Fahrenheit DegreesCentigrade | (°C x 1.8+ 32)
HEAT

Btu Calories(kilogram) [ 3.96753
POWER

Btu Kilowatt hours 3413.44
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A

Al-Alzone 298
Aardelite 14, 39, 205
aggregate 206
concrete 210
particles 210
Abrasion
depth 223
resistance 222, 226
Absorbed water 125
Absorption 338, 351
limitation 351
property 235
workability 190
Acceleratedtest 248
chamber 250
method 201
Accretion 330
Acidattack 235
Acidification of crevices 265
Acids 232
Adiabatic temperaturerise 87

Admixture
amorphoustexture 221
Adsorbedwater 199, 331
Aerated concrete 91
AFBC 72. SeealsoAtmospheric
fluidized bed combustion
technology
Agglomeration 22, 34, 41
Aggregate and concrete
properties 57
Aggregategrain
bond strength 57
Aggregatesurface 49
Aggregatevoids 55
Aggregate-cement bond 186
Aggregate-cement pasteinterface
149, 152, 376
Aggregate-mortar interaction 152
Aggregates 121, 171, 186,
200, 213, 222
absorption 187, 267
border 358
elasticmodulus 203

409
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expand during heating 305
expanded and dense 153
externa shell 164
fly ash
lime-bound 15
grading 169
immersed 121
impermeable external shell 160
particles 93, 100, 204
pre-wetted 190
properties 60, 120, 142,
193, 355
purity 377
size 103, 123
smooth external surface 49
stiffness 153, 192
type 263
volume 109, 202, 204
water absorption 155
weak 181
weight 121
Agitationgranulation 35
Aglite 13, 14, 209
Agricultural wastes 11, 26
Agro-waste products 68
Air bubblesystem 103
Airbubbles 127, 189, 190

Aircontent 125, 322
Airhammers 373
Air pores

specificsurface 334
Airvoidsystem 322
Airvoids 43, 108, 119, 213, 222
Airvolume 124, 125
Air-dried aggregates 350
Air-dry density 168, 214, 396
Air-dry particledensity 54
Air-entrained concretes 356
Air-entrained mortar 153, 192
Air-entraining agents 97, 107,
193, 215, 266, 307, 311,
334, 336, 338
Air-entrainment 353, 365
Air-poresystem 222

I ndex

ALA 46, 47, 49. Seealso
Artificial lightweight
aggregates

Alkali

chlorides 265
content 70
ions 240

Alkali-aggregate

reaction 240
reactivity 241

Alkali-carbonatereaction 240

Alkali-sensitiveaggregates 242

Alkali-silicareaction 240

Aluminate components 84

Alumino-silicates 153, 191

Aluminum and silicon distribution 159

Aluminumsilicate 159

Aminosulfonicacidbase 87. See
alsoAS

Amorphous ceramics

thermal conductivity 221

Amorphousphasecontent 57

Ancient masonries 26

Anhydrousmaterial 142

Anodic process 265

Anti-adhesionagent 44

Antifreezeeffect 328

Applications 382

Arkalite 13

Arlits 14

Artificial lightweight aggregates
46. Seealso ALA

manufacturing process 34

Artificial lightweight coarse
aggregates 154

AS 87. Seealso Amino sulfonic
acid base

Asano super light 28. Seealso ASL

Ashmelting furnaces 58

Ashes 25

ASL 28. SeealsoAsano super light

Asphalt

adhesion 371
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Atmospheric fluidized bed combustion
technology 72. Seealso
AFBC

Autoclaved lime-silicamaterials
206, 210

Autogeneousshrinkage 83, 209

B

Babylon 5
Back-scatteredimage 73
Backfill 370

Basiccreep 210

Basiciron chloride 265

Batch composition 160
Batching 124

Bedash 12

Bed pressuredrop 48
Belite-rich portland cement 84
Bentonite 28, 44

Benzene 323

BFS 22. SeealsoBlast furnace slag
Binder 97, 108

paste 92
volume 103
Binding

of chlorides 264
properties 379
Biotiterhyolite 46
Blastfurnaceslag 14, 22, 51,
68, 70, 71, 73, 182, 214,
215, Seealso BFS
Bleedwater 134
Bleeding 87, 127, 133, 329
water zone 136
Blended cement 266
Bloatingclay 29
BLZ 15. SeealsoBundesverband
L eichtbetonzuschlag-
Industrie
Bond
cracks 153, 192
strength 134, 135
Bonding 39
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Bridges 67, 396
construction 387
decks 149
BSCodes 78
Buckling
resistance 316
Buffer water capacity 206
Building blocks 169
Building construction 5, 391
Bulk density 13, 18, 28, 57, 97,
120, 124, 125, 168,
384, 388
Bulk paste 132, 134
Bundesverband L el chtbetonzuschlag-
Industrie 15. SeealsoBLZ
Burned aggregate 203

C

CASH, 73
CS 67,70
CA 75
CAH, 73
CS 67, 70
CAF 67, 75
Ca(OH), 75, 240, 244

leaching 264
Ca(OH),andC,S

solubility 237, 239
Cable-stayed bridge 387, 396
CaCl, 240
Cdcium 155
Calcium hydroxide 264
Caciumaluminate 264

hydrate 68
Caciumauminoferritehydrate 68
Calciumbicarbonate 244
Calciumchloride 264, 338
Calciumcontent 33
Caciumhydroxide 71, 142, 154,

200, 242, 244, 245, 249

crystals 164

soluble 248, 250
Calciumlactate 237, 238, 239
Calciumoxide 67
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Calciumsilicate 322

hydrate 25, 68, 75, 243, 247
Calciumsulfoaluminate 244
Canary Wharf Building 394
Capillary action 43
Capillary cavities 322, 324
Capillary condensation 292
Capillary diameter 329
Capillary forces 329
Capillary pores 262
Capillary state 34
Capillary suction 141, 190
Capillary tensiontheory 198, 212
Capillary water 328
Carboncontent 33
Carbondioxide 242, 246, 254, 263

dissolved 244

penetration 246, 247, 254, 256

pHvaue 244
Carbonmono-oxidegas 47
Carbonation 243, 247, 250, 263

coefficients 256, 264

process 243, 247

rate 244, 256

shrinkage 199, 200

synergetic effects 264
Carbonationdepth 243, 245, 247,

248, 250, 253, 254,

256, 263
Carbonicacid 244
Caso, 75

Cathodicreaction 265
Cdllular structure 41
Cembinder 70, 75
Cement
aggregate 135
consumption 58
content 99, 102, 103, 105,
111, 127, 169, 171,
209, 239
early strength 87
fluidity 87
grade 179
hydration 125, 154, 191, 244

I ndex

industry 28
low heat 87
matrix interface 42
mortar 94, 226, 235
rapid hardening 113
replacement materials 51, 68
supplementary 62
type 263
Cement Fineness 373
Cement paste 93, 94, 99, 103,
105, 111, 142, 154, 190,
199, 222, 265, 296
border 358
highstrength 120
matrix 149, 191
stiffness 154
modulusof elasticity 193
properties 189
shrinkage 188
strength 187
water available 186
Cementitious composite systems
bonds 132
Cementitiousmaterials 78
Cementitiousproducts 42
CEMOS 232, 238, 254
Ceramicbond 203
Ceramicshell 29
Channelsflow 137
Chemical addition 53
Chemical admixtures 97, 131,
159, 160, 169, 171,
215, 222, 311
Chemical analysis 279
Chemicadl attacks 231
Chemical barrier 74
Chemical bonds 292
Chemical composition 41
Chemical durability 231
Chemical interaction 324
Chemical reaction 153, 191, 243
Chemical shrinkage 199
Chemically bound water 93
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Chloride
concentration 269
corrosion 261
intrusion 285
profile 279
rapid movement 153
surface concentration 284
Chloridediffusionrate 97
Chlorideingress 266, 269, 284
measurements 275
Chlorideion 285
ingress
synergetic effects 264
permeability 266, 267
Chlorideion penetration 264, 265,
269, 276, 281, 285
Chloride penetration 275, 276, 280
tests 277
Chloride-richar 285
Christianera 18
Cladding panels 397
ClassCflyash 72
ClassFflyash 71
Clay 12, 22, 27
latticestructure 141
Clinker 32
Closed bubbles 49
Closed pores 139
Coa 40, 376. Seealso
Energy input
thermal power stations 15
Coarseaggregate 97, 262
Cohesion 34, 191
Coldbonding 37, 204
Coldclimate 126
Coldcuring 270
Colloida silica 70, 75, 78.
SeealsoKF
Colosseum 5
Combustibleliquid waste products
376. Seealso Energy input
Compacted concrete
density 94, 123
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Compacted lightweight concretes 169
Compaction 35, 125, 127,
168, 169
agglomeration techniques 204
Compatibility 122
Components
volume 100
Compression 284
testing procedure 241
Compressivestrength 26, 79, 80,
82, 122, 129, 135, 175,
181, 182, 203, 223, 241,
277, 312, 373
Compressivestress 192
maximum 154
Concentration gradient 245
Concrete 10, 191, 242
3L 170, 234
akalinity 243
bulk density 104
compactiondegree 92
composition 105, 114
compressivestrength 99, 100,
212
consistency 107
curingtemperature 269
density 103, 107, 163, 223
dryingtime 121
durability 68, 232, 355
early strength 163
fresh compacted 106
freshly-placed 137
frost durability 351
interfaces 132
long-term strength 187
mechanism of creep 199
microstructure 149, 247
mix proportion 182
modulusof elasticity 193
permesbility 265, 285
placing 126
remixing 189
requirements 97
shrinkage 202
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stepsof proportioning 96
strength 14, 60, 80, 101,
135, 159, 265
thermal conductivity 214

water inmix 186

workability 99

Concretedeterioration 234, 236,
238, 241

Concreteingredients 97

final mix 99

preliminary mix 99
requirements 95

trial mix 99
Concreteships 371
advantages 374
disadvantages 374
Concretestrength 171
reduction 315
Condeep structures 387
Condensation

lowrates 374
Condensed silicafume 185,

334. Seealso CSF

Confining reinforcement 379
Consistency drop 373
Construction costs 380
Construction speed 374
Contact layer 152
Contact zone 153
Cooler 32
Corrosion 243, 253
Cost performance 382
Coulombvalue 267
Cracking 200, 240
Cracks 134, 153, 154, 192, 246
formation 193
propagating 192
Creep 198, 209
deformation 210

inair 210

inwater 210
Cristobolite 305
Critical saturation

degreeof 323, 336, 362
theory 324

I ndex

Crushed brick aggregates 27
Crushed burnt bricks 26
Crushingandsieving 21
Crushingvalue 46
Crystallinetransformation 298
CSF 185. SeealsoCondensed
silicafume
CSHge 73
Cubic structure 149
Curing 128
conditions 169, 263, 278
temperature 275
Cut sections 235

D

Damages 360
after heating 304
repair 374
Deadload 375, 377, 380, 382
structure 129
Decay of plants 244
Deformation
excessive 298
Degree of deterioration 231
Degreeof hydration 294
Degreeof restraint 284
Deicingsalts 321, 330, 359,
363, 365
Deicingscaling 363
Demoalition 379
Dense aggregate concrete 284
Denseaggregates 152, 153
natural 198, 206
Density 160, 171, 254
calculated 124
compressivestrength 185
divergence 99
in-situ 128
reduction 125
tests 128
variability 125
Density and moisturecontent 41
Density and strength
range 10
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Depth of ingress 274
Deterioration mechanism 324
Deteriorationrate 231
Devitrification 141
Differential aeration cells 264
Differential settlements
adverseeffects 377
Diffusion coefficient 269
Direct-melting process 58
Discontinuousfibers 131
Disk pelletizer 25
Dispersing capability 87
Disruptiveexpansion 242
Domestic waste
incineration 58
Dredge material 60
Dredgingwaste 60
Dried zone 298
Drumgranulator 46
Drum-cooler granulator
Dry aggregate 190
expelledair 190
pre-soak 94
Dry building material 213
Dry materials 105
Dry process 28
Dry unitweight 215
Drying
creep 210, 212
cycles 278, 281
environment 82
procedure 293
regime 277
Drying shrinkage 171, 198, 199,
200, 204, 205, 206, 209,
210, 212, 330
Dryingtechniques 293, 310
Durability 69, 122, 128, 376, 377
long-term 377
non-air-entrained LWAC 374
properties 44, 377
Durability factor 349
Dynamicmodulus 81, 197

52, 54
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E

E-modulus
reduction 314
Early cracking 127
Early high strength portland cement 84
Easier cutting 377
Easier drilling 377
Easier nailing 377
Easier shot firing 377
East Surrey Newspaper Limited 397
Economical aspects 379
Economical efficiency 382
Effect of restraint 279, 280
Effectsof drying 82
Eigen-stresses 277
Elastic compatibility 153, 191
Elasticmodulus 81, 82, 97, 210
Electricarc furnace 48
Electrostatic precipitators 62
Electrostatic repulsion 85
Element transport 74
Elevated temperature 292
Embankments 371
Energy absorption 378
Energy consumption 16
Energy input  376. Seealso Coal
Entrainedair 107, 125, 153,
192, 306, 331, 350
bubbles 322
voids 127
volume 97, 102
Entraining agents 307
Entrapped water
freezing 327
Entropy effect 85
Environment 378
Environmental conditions 185,
254, 263
Environmental restrictions 14
Environmental safety 56
EPA 215. SeealsoExpanded
perlite aggregate
ESG 52, 185, 213. Seealso
Expanded slag gravel
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ESG-2 56
coarseaggregate 57
Ethyleneglycol
solution 248
test method 249
Ettringite 68, 72, 240
crystals 161
Evaporablewater 292
EVS 54, 213. Seealso Expanded
vesicular slag
Exothermic heat devel opment
Expanded aggregates 153
clay 152
Expanded blast-furnaceslag 338
Expandedclay 13, 15, 17,
338, 362
Expanded clay aggregates 13, 60,
170, 181, 182, 193, 232,
241. SeealsolLeca™
mortar interaction 191
Expanded lightweight aggregates 384
Expanded pelletized dlag 58
Expanded perliteaggregate  215.
Seealso EPA
Expanded polystyrene 312
beads 315
particle 110
Expandedshale 193, 197, 241,
242, 315, 337, 383
Expanded slag aggregates 185,
213, 241
properties 54
Expanded slag cinder 12
Expanded slag concrete 214
Expanded slag gravel 52, 185.
See also ESG
Expanded slag lightweight concrete 52
Expanded slate 32, 337
properties 32
Expanded vesicular slag  54. See
alsoEVS
Expansion 22, 28, 240
Expansiveclays 12
Expansive double salt

128

264

I ndex

Expansivereactions 241
Expansivesalts 240
Expansiveshale 208
Expenditure of energy 375
External curing 377
External vibrators 127
Extrawater 125
Extrusionmethod 36
Extrusionmills 34

F

Fabricfilters 62
Failurestrength 192
Fe(OH),-content 234
Ferdinand Nebel from Koblenz 9
Fiber-reinforced concrete 131
Fibers 311
Fick’'ssecondlaw 269
Field conditions 266
Field performance 356
Field studies 254
Final comparison 124
Final mixing 124
Final set 128
Fineaggregate 97, 179
Fineness 70, 84, 373
Fire
endurance 291, 296, 299
exposure 291, 294
protection 316
test 300, 307
onbeams 315
Fireresistance 46, 291, 311, 393
tests 306, 311
Firingtemperature 141
Firing zone 32
Flaws 134
Flexura failure 315
Flexural strength 79, 81, 82, 135
Floating bridges 387
Floating structures 378
concrete 388
Floor slabs 375, 387
Flow tabletest 99, 129
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Fluidifiers 83
Fluidizationgas 48
Fluidized bed
foaming reactor 24
particles 49
process 46
reactor 46, 48, 49
sintering 49
Fluidized conditions 48
Flyash 12, 15, 39, 44, 70, 71,
78, 81, 83, 92, 97, 122,
123, 128, 215, 222, 275
agglomeration 37
aggregate 36, 44, 202, 204
content 221
non-burned 202
paticles 34
fusion 41
Foamed blast furnaceslag 24
Foamed concrete 91, 206
Foameddlag 14, 171
Foaming agent 46
Foaming method
siliconcarbide 46
Footbridges 396
Formstripping 129
Foundations 377
Fracturetoughness 134
Fragmentation process 379
Freealkali content 334
Freecalcium hydroxide 248
FreeCaO 250
Free water
effect 186
Freezablewater 328
Freeze-sdt 336
resistance 336
Freeze-thaw
cycle 321, 363, 365
damage 323
durability 125
resistance 95, 321, 323,
353, 356, 378
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Freezing 331

rate 333

of water 321
Freezing and thawing 33, 323
mechanisms 322

Fresh concrete

density 110, 112
rheological properties 103
workability 114
Freshdensity 129

Fresh water test programs 154
Friedel’'ssalt 330

Frost

damage 327

penetration 370
resistance 97

Frost-salt resistance 365
Fuel 40

Fuller'scurve 97
Funicular state 34
Fusiontemperature 22

G

Gasconcrete 91

Gaspore-forming admixtures 53,
55, 57

Gas-ail fired furnace 300

Gel 322

pores 324, 331

GermanLiapor™ 139

Glass 12

Glassy structure 11

Glassy volcanic material 28

Government regulations 62

Graded aggregate 92

Grading and storage

primary screen 41

Graniteaggregates 296

Granolux 14

Granulation 34

Gravel 152

concrete 210

Greenpellets 25, 36
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Ground-granulated blast furnace slag
122, 123, 128
Gypsum 39, 240

H

Harappa 9
Hardening process 37
Harshmixes 123
Hayde'spatent 13
Haydite aggregates 206
expanded shale 12
HCl 234, 239, 240. Seealso
Hydrochloric acid
Hep 131, 132, 134, Seealso
Hydrated cement paste
Health 378
costs 378
problems 382
Heat absorption 296
Heat devel opment
hydration process 107
Heatinsulation 128
Heat of hydration
reduction 70
Heat treatment 22
Heated from oneside 300
Heated fromtwo sides 304
Heavily reinforced areas 373
Heavy metals 378
Heidruntension leg platform 387,
388. Seealso TLP
Hematite 159
High carbonfly ash 40
High performance concrete  83.
Seealso HPC
production 87
High performance normal weight
concrete 372. Seealso
HPC
Highrisebuildings 67
High strength cement paste 376
High strength concrete 83, 253,
256. SeealsoHSC
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High strength lightweight aggregate
concrete 3, 364. Seealso
HSLAC

analysis 112

High strength LWAC 3, 364,
387. SeealsoHSLAC

High-strengthexpanded clay 387

High-strength LWAC 387

Homogeneity 95, 124, 127

loss 126

Honeycombing 42

Horticultureapplications 370

House construction

lowcost 26

HPC 83, 372. SeealsoHigh
performance concrete

HSC 83. SeealsoHigh strength
concrete

HSLAC 3. SeealsoHigh strength
lightweight aggregate
concrete

Humidity

cycles 277
indoors 121

Hydrated aluminates 244

Hydrated cement paste 131, 191.
Seealso Hep

Hydration

classificationof 69
products 142
reactions 131
set-retarding effect 85

Hydrationdegree 93

Hydration of cement 71, 76, 122

Hydration of mineral admixtures 70

Hydration of silicafume 75

Hydration process 69, 71

Hydrationreaction 322

Hydraulic pressure 324, 325,
358, 365

theory 333
Hydro-screening 54, 213
Hydrocarbonfires 311, 314, 317
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Hydrochloricacid 232, 234,
239. Seealso HCI
Hydrophobing material 171
Hydrostatic pressure 324, 325
Hydrotalcite 74
Hydrothermal process 37
Hydroxidelayer 235

lce 322

accretion 365

crystals 330

filtration 325

formation 325

lenses 331

penetration 325
Ignition chamber 41
Immersioninwater 43
Impact test 130
Impermeability 374
Impermeableshell 163
In-situ construction 392
In-situ lightweight concrete 394
In-situtest 130
Industrial by-products 18, 68, 380
Industria kilns 22
Industrial waste 22, 378
Inner slag hydrate 74. SeealsolISH
Inspection and control 246
Instantaneousstrain 210
Insulating concretes 256, 263
Insulating properties 316
Interconnected pores 139
Interconnectivity 162
Interfacial regions 132
Interfacial transition zone 138,

142. Seealso1TZ

Interfacial zone 133, 134, 154

microstructure 143, 149

thickness 133
Interior of slag grain  74. Seealso

I1SG

Interlayer water 331

theory 198
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Internal bleeding 95, 136, 137

Internal cracking 336, 353,
363, 364, 366

Internal curing 187

Internal damage 337

Internal disruption 316

Internal microcracking

self repair 44

Internal stresses 296

Internal surfaces 42

Internal vibration 373

Interparticleforces 34

Intra-particlebubbles 49

lonexchange 265

Iron 155

[ronenrichment 141

ISG 74. Seealsolnterior of slag

gran
ISH 74. Seealsolnner slag hydrate
Isotag 14

ITZ 138, 155. SeealsoInterfacial
transition zone
microstructure 142

Japanese Standard JIS 44
Joints 377

K

Kensington and Chelsea Goods
VehicleDepot 395
Keramsit 16, 17
Keramzite aggregates
pozzolanicreactivity 154
KF 78. SeealsoCollodia silica
Kukenthal from Braunschweig 9

L

Lacticacid 232, 238, 239
attacks 237

Landfill disposal 58

Latent hydraulic properties 164

Lateral expansionrestrain 181
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Lava 11, 46
Leca™ 12, 13, 14. Seealso
Expanded clay aggregate
Ligpor™ 12, 14, 30, 80, 139,
141, 182, 277
Lifecosts 377
cyclereduction 375
Lightweight aggregate concrete 5,
18, 78, 99, 117, 153,
155, 164, 185, 192, 200,
221, 223, 231, 238, 239,
240, 242, 253, 265, 300,
362. Seealso LWAC
aglite 209
highstrength 185
material properties 26
microstructure 248
non-structural 256
particledensity 96
process of manufacturing 204
production 119, 120
properties 170
thermal behavior 213
thermal conductivity 222
workability 179, 182
Lightweight aggregates 9, 10, 11,
13, 21, 27, 43, 52, 56,
58, 60, 62, 123, 127,
154, 160, 163, 181, 182,
240, 284. Seealso LWA
advantages 122
bulk density 92, 93, 182
bulk volume 105
compressivestrength 93
density 100, 149
dynamic E-modulus 197
external surface 161

extra 53

flyash 40, 208
insulating fill 370
kilns 62
manufacturing 141
mineral 18

I ndex

natural 5, 9, 25
particledensity 93, 104
particles 100, 101, 104,

106, 187, 188
production processes 28
strength 101, 110, 113, 187
structure 139, 153
synthetic 18
types 18, 29, 41
volume 109, 124
water absorption 186, 189, 262

Lightweight concrete 91, 169,

211, 215
beam 280
compressivestrengths 57
dryingout 43

Lightweight fines 123, 125

Lightweight particles

density and strength 101

Lightweightsand 102, 106, 123

Lignin 28

Lignosulfonates 84, 87. See
alsoLS

Lime 25, 27

Limestoneconcrete 202

Limestonepowder 44

Liquid combustiblewaste 62

LITEX™ 56. Seealso Pelletized
sag

Litvan'smechanism 327

Liveload 375

L oad-bearing structures 57, 169

LOI 41. SeealsoLossonignition

Long spanbridges 67

Longvibrationtime 127

Long-term strength 70, 82

Lossonignition 41. SeealsoLOl

Low alkali cement 87

lowCA 334

Low density concretes 169, 231

Low temperature flammability 370

LS 84, 87. Seealso
Lignosulfonates
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LWA 21, 138, 139, 141, 149,
204, 248, 277. Seealso
Lightweight aggregates

alumino-silicates 153
burned 202

deformability 201
elagticstiffness 153, 192
modulusof elasticity 197
properties 48

sizeand strength 168, 250
water absorption 70

LWAC 5, 9, 134, 152, 153,
154, 160, 179, 185, 191,
192, 210, 222, 231, 235,
266, 275, 276, 281, 284.
SeealsoLightweight
aggregate concrete

chlorideion 266
commercia production 12
composition 142, 205
compressivestrength 186
creep 210
density 185, 221
E-modulusand compressive
strength 209
economic efficiency 381
maximum damage 237
microstructure 155, 247
mix proportions 79, 120
properties 21, 88
structural grade 254
thermal conductivity 221

Lytag™ 12, 14, 40, 78, 139,
149, 205, 206, 210,
277. Seealso Sintered fly
ash aggregate

aggregate microstructure 43
elasticity 205

M

Macroscopicicecrystal 325
Magnesiumsulfate 33
Maintenance 375

costs 374, 377
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Manufacture of steel 51
Mapleliteblock 169
Marine
environment 285
exposure 284
terminalsand platforms 317
Masonry blocks
pumiceand burntlime 9
Massreduction 375
Material bridges 37
Materia costs 379
Matrix 193, 213
bonding 37
compressivestrength 181
elastic compatibility 193
modulusof elasticity 193
gtiffness 192
strength 179, 181, 222
Mayanperiod 5
Mechanical damage 331
Mechanical interlocking 149, 164
Mechanical treatment 21
Mechanism of creep 199
Melting of iceand snow 330
Mercury intrusion
resistance 49
Methacrylic water soluble polymers
84, 85. Seealso MSPs
Methyl red 232
Mica 29
Microsilica 122
Micro-filler 160
Micro-hardnesstests 154
Micro-lensformation 327
Microcracking 122, 192, 193,
278, 281, 284, 285
reduced occurrences 153
stress-induced 154
Microcracks 152, 191, 200, 337
formation 264
Microhardness 191
Microparticles
soft 356
Microscopicicecrystal 325
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Microstructure 60, 142, 149, 190
densification 267
development 71
examination 160
strength 160
Milburn Stand at St. James Park 397
Mineral admixtures 68, 69, 71,
78, 82, 88, 92, 95,
97, 123, 160, 215
factor of efficiency 108
Mix design techniques 80
Mixed fineaggregates 181

Mixing

procedure 124
time 125
water added 186

Modulusof elasticity 97, 122,
193, 200, 204, 205
Mohenjo-Daro 9, 27
Moist curing 262
Moisture
amount 294
effect 292
flow 296
ratio 306
transport 306
Moisture absorption 60
Moistureclog. SeeSpalling
Moisturecondition 128
Moisturecontent 120, 124,
125, 169
Moltenlava 25
Moltensdag 52
Monolithic structure 91
Morphology 134
Mortar 191
bulk density 98
calculated strength 182
changingdensity 114
compressivestrength 98
density 104
highstrength 266
specimens 248
stiffness 153
strength 101, 104, 109, 306

I ndex

testing 102

volume 101, 113
Mortar cubes 248
Mortar fraction

elastic tiffness 192

microhardness 153, 191
MSPs. SeeMethacrylic water

soluble polymers

Muddy balls 34
Mulberry Harbor 371
Municipal sludge 58
Municipal waste 58

N

NaCl solution
saturated 356
[3-Naphthal ene based polymer
84, 85
Natural aggregates
volcanicorigin 5
Natural lightweight aggregate
lower and upper value 197
Natural materials 22
Natural resource
volcanic material 11
Natural sand 102, 123, 181
replacement 179
volume 109
volumeandweight 105
Natural volcanic aggregates 18
NatWest Tower 394
NC 185. Seealso Normal weight
concrete
workability 186
Net energy saving 375
Neutralizationdepth 245
NKK process 58
No-finesconcrete 91, 92, 96
bulk density 92
Non—air-entrained concrete 350
Non-burned aggregates 203, 204
Non-evaporablewater 292
Non-load bearing concrete 91
Non-structural concretes 263
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Nonevaporablewater 76
Normal concrete 223, 234, 247,
253. Seealso Normal weight
concrete
Normal curing
density 182
Normal weight aggregates 277, 284
Normal weight concrete 117, 185,
232, 239, 240, 242,
254, 275. SeealsoNC
bond 222
thermal resistance 370
Normal weight sand and gravel 338
NorwegianLeca™ 139

O

Off-shore and marine structures 67
Off-shoreconstruction 18, 112,
265, 387
marineenvironment 68
Norway 388
Off-shoreplatforms 70
One-sizeaggregate 92
Open pore structure 42, 250
Openpores 139
Opus Caementitium 5
Ordinary portland cement 84
Ore-pelletizing processes 39
Organic aggregates 11
Organic natural aggregates 18
OSG 74. SeealsoOuter slag grain
Osmotic pressures 324, 328,
330, 358
Outdoor exposuretesting 256
Outer slag grain  74. Seealso OSG
Oven-dried concrete 96, 110
density 106, 112
Oven-dried density 128
Overnight strength 383
Oxidationof iron 41
Oxygen 265
reinforcement 246
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P

Palm oil production 11
Palmoil shells 11, 26, 179,
182, 207, 210, 211
Pan pelletizer 44
Pantheon 5
Partial dehydration 292
Particledensity 56, 97, 121, 124,
139, 141, 163, 203,
384, 388
calculated 124
dynamic E-modulus 198
Particlesizedistribution 97, 123
Passivefireprotection 315

Paste
matrix 141
strength 134

Paste-aggregatebond 160, 164
Paste-aggregateinterfacial zone
161, 164
calcium-enriched 155
PC 87. SeealsoPolycarboxylic
acid base
Pelletization process 30
Pelletizedslag 56, 284. Seealso
LITEX™
Pelletizingaid 28
Pelletizingslag 51
Pellets 34
mills 34, 35
productionof 58
Pendular state 34
Penetration of acid 240
Performance 124
Perlite 12, 14, 18, 22, 27,
28, 171, 213
Permanent deflection 315
Permesability 154, 193, 247,
254, 261, 325
Permeation 139
Petrochemical fires 317
PFA LWA
properties 41
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PFA, Pfa 22. Seealso Pulverized
fly ash
pH
loss 250
value 263
Phenolphthalein 248, 253
indicator 245
test 261
Pigiron 51
Pilings 377
Plasticfires 317
Plastic shrinkage 278
Plasticizers 83, 97
Plate-likestructure 149
POE 85. SeealsoPolyoxyethylene
chain
Poison'svalue 210
Poker vibrators 127
Polycarboxylic acid base  87.
Seealso PC
Polymers 307
addition 304, 311
admixture 232
complexes 310
dispersion 356
microparticles 234
Polyoxyethylenechain  85. See
also POE
Polypropylenefibers 266, 315
Polystyrene 254
aggregates 170
beads 384
particles 110, 112
Pont du Gard 5
Pontoons 387
Poreforming admixtures 54
Poreforming agent 57
Poreforming apparatus 52, 53, 56
Poresizedistribution 199, 214,
322, 323
Porestructures 199, 213, 254
uneven 323
Pore-spacing factor 322

I ndex

Pores 142, 149, 187
character 323
formation process 53
interconnected 325
openandclosed 139
refinement effect 83
solution 75, 263
structure 310
volume 199, 307
Porosity 83, 139, 160, 240
Porousaggregates 96, 153, 222
Porousclay bricks 9
Porous hydrated cement paste 152
Porousinterface zone 143
Porous slag aggregates 52
Portland cement 67, 82, 102,
155, 277
fly ashmatrix 83
hydration 222, 243
properties 68
Portlandite 72, 134
Post tensioned structures 395
Post tensioning 397
Potassium 155
hydroxides 244
Powers hydraulic pressure
mechanism 327
Powers' theory 200
Pozzolan 128
Pozzolanic
activity 164, 241, 242
character 25, 39
interactions 155
materials 68, 71, 131,
132, 154, 267
properties 379
reaction 155
reactivity 83, 247
Pozzolanic action of mineral
admixtures 80
Pozzolanicreaction 80, 222,
248, 250, 254
Pre-wetted aggregate 190
Precast blockwork 169
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Precast construction 392
Precastindustry 387
Precast structures 397
Pressuremethod 125
Prestressed bridges 381
Prestressed cables 131
Prestressed concrete 14, 397
Prestressing anchor areas 384
Principal tensilestress 154
Prisms 181
Production plants 15
Production process 15
Production stages 120
Production techniques 119
Productivity 54
Proportioning methods 104, 117
Proportioning procedure 99
Pulverized fly ash 22. Seealso
PFA, Pfa

Pulverized fuel ash 380
Pumice 11, 18, 25, 117, 169, 254

aggregates 10, 215, 384
Pumpablegrade 394
Pumping 126

freshconcrete 123

high pressure 122

in-situ 119
Pyro-plastic aggregates 62
Pyro-plasticity 22
Pyro-processing 40

Q

Quality control 41
Quartz 159
content 298

R

Racecourse Grandstand at Doncastor
397
Radioactive materials 378
Ratio of bulk and particle density 124
Raw materials 15, 22
indigenous 26
pulverization 46
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Raw pellets 46
Reactivesilica 222
Recrystallization 141
Recycled material 379
Rehydration 294
Reinforced concrete 392, 397

bridges 381

ships 374
Reinforcement

bars 243, 252

corrosion 263

cover 247

expansion 298

steel corrosion 264
Relativedurability factor 355, 356
Relative dynamic modulus 349
Relative humidity 129, 199,

244, 252, 310

Remarkson mix design 122
Repeated testing 128
Reprocessed oil 41
Research and development 16
Residual strength 304, 314, 317

after fireexposure 304
Restraining pressure 325
Retentiontime 375
Revolvingdrum 54
Rheological properties 87, 123
Rheology changes 123
Ricehuskash 70
River gravel concrete 205
Roll pressing 34
Roof constructions 397
Roofsandwalls 10
Rotary cooler 22
Rotary kiln 13, 27, 28, 29, 30,

32, 44, 49, 50, 62, 232

Rotating bladedrum 56
Rotating finned drum 51
Round-shaped aggregate 92
Roxburgh County Office 392
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S

Salt concentration gradient 328
Saltcrystals 330

Salt scaling
durability 363
mechanism 329
Sand 123, 182
Sandvolume 103, 109
Saturation
degreeof 351, 363, 364
Savings 375, 377, 380
costs 380

initial cost of construction 374
maintenance 374
transport 378
Scalerating 363
Scaling 364, 365
durability 353
Scanning el ectron micrographs
149, 154
Scoria 11, 16, 18, 25
Screening 41
Seawater test programs 154
Secondary combustible materials 62
Secondary products 71
Sectionsize
reductions 375
Seepagetheory 199
Segregation 32, 126
problems 87
stability 99
Seismicareas 375
Seismic damping system 383
Self-desiccation 351
Sdma 371, 374
Separation to fractions 54
SF 78. Seealso Silicafume
Shale 12, 15, 17, 22, 27, 30
Sharp-edged crushed particles 92
Shipbuilding 369, 371, 374
Shrinkage 199, 203
autogenousor chemical 199
carbonation 199

I ndex

cracking 122
deformation 200
drying 199
force 200
problems 323
relative humidity curves 199
Silicacontent 250
Silicafume 68, 69, 70, 75,
78, 97, 107, 108, 160,
163, 187, 215, 221, 222,
261, 267, 313, 364. See
also SF
condensed 185, 334
content 221
Silicafume-to-binder ratio 364
Silicapolymerization 200
Silicastone powder 44
Silicic acid particles 75
Silicioushydrogarnets 73
Silicon carbide 28
foaming method 46
Silos 32
Sinter strand 23, 41
process 37
Sintered aggregates
clay 27, 254
Sintered fly ash aggregates 44, 78,
139, 241, 261, 284, 392.
SeealsoLytag™
Sintered materials 210
ceramic 206
Sintering 37, 141, 154
expanded shale 338
Slabaggregates 58
Slag 68, 78, 84, 92, 97
agoregatepiles 52
boundary 74
latent hydraulic properties 71,
80, 164
LWA 51
mass 54
melt 53, 56
recovery process 58



I ndex

Slate 12, 15, 17, 22, 27
Sludge 22
Sludgeash 58, 60
Slump 87, 182, 223
test 99, 129, 373
SMF 84. SeealsoSulfonated
melamine formal dehyde
SNF 84, 87. SeealsoSulfonated
naphthal ene formal dehyde
Snorrefoundations 387
Soaked aggregate 350
Sodium chloride 330
solution 328
Sodium hydroxides 232, 244
Sodium sulfate 33
Solite 13, 14
aggregates 171, 241
Solublesalts 234
Sorption
characteristics 292, 294
hysteresis 292
isotherms 292
Spacing factors 334
critical 333, 365
Spalling 291, 300, 306, 307,
310, 314, 379
explosion 291, 294, 296,
307, 317
hightemperature 291
moistureclog 294, 295,
296, 298
reduction 315
Specific gravity 44, 59, 338
oven-dried 29
Specificheat 126
Specificsurface 75, 292
Specimenshape 181
Spherical inclusion 154, 192
Spherical-shaped aggregate 92
Standard specification 84
Standard stored concrete specimens
128
Statesof distress 254
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Steam 291

pressure 306

transport 311

vapor pressure 306
Steam-curing

cycle 248

microstructure 248

sample 250
Stearicrepulsion 85
Steel

conveyer 41

corrosion 265
manufactureof 51
Steel reinforcement

reduction 376
Steel-framed buildings 316
Steel-reinforcingbars 131
Stiffness 125
Stockpiled aggregate
sprinkling 121
Stockpiles 32
Stokes' formula 127
Strain per unit stress 211
Strainreadings 211
Strength 167, 171
Strength and stiffness 376
Strengthclass 129
Strength development 78, 84, 128
Strength reduction 313
Strengthtest 129
Strength-to-density ratio 372
Stressand strain behavior 193
Stressconcentrations 152, 154,
191, 192

Stressfree specimens 279
Stress-strain

curves 154, 192, 193
diagram 193

relationship 193
Stress-temperaturerelationship 315
Structural concrete 44, 211, 266
servicelife 95
Structural high-strength lightweight

aggregate 226
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Structural lightweight aggregeate
concrete 91, 119, 170,
182, 193, 222, 307
extremely lowweight 110
low density 124
open and closed structure 96
proportioning 95
Structural water 199
Structureweight
reduction 369
Suction porosity 190
Sulfate 84
Sulfonated melamineformal dehyde
84. Seealso SMF
Sulfonated naphthalene formal de-
hyde 84, 87. SeealsoSNF
Sulfur 159
Sulfur and chloride content
Sulfur gasemissions 52
Sulfuricacid 232, 240
Sumerians 5
Super lightweight expanded clay
aggregaete 204
Supercooledliquid 25
Supercooled water 331
Superplasticizers 83, 84, 88, 107,
182, 187, 215, 266,
277, 307, 311, 336
Superplasticizing admixtures 84
Superposition 210
Supplementary cementing materials
67, 81
Surface adsorptiontheory 198
Surfacebleeding 136, 137
Surfacecarbonation 246
Surfacecracks 277
Surfaceenergy 75
Surfacescaling 333, 353, 365
tests 338
SwedishLeca™ 139, 149, 155,
163, 170, 182, 213
fracturesurface 160
microscopic study 141
Synthetic aggregates 11, 12, 36

120

I ndex

T

Tapwater 338
Temperature and humidity
cycles 266
Temperaturegradient 295, 331
Temperature-dependent | oss of
strength 313
Tensileloading 134
Tensilestrength 97, 135, 241,
277, 296
Tensilestress 192, 284
Tensiletest
indirect 241
Tension 284
Testresults 114
Thermal compatability 296
Thermal conductivity 57, 95,
169, 171, 213, 214, 215,
221, 296, 304, 316
Thermal contraction 330
Thermal cracking 84
Thermal cycles 277, 278
Thermal expansion 296, 304, 305
coefficient 377
Thermal fireendurance 292
Thermal incompatibility 298
Thermal insulation 10, 369
Thermal movements 377
Thermal power generation 14
Thermal power station 33
Thermal process 27
Thermal shock 321
Thermal spalling 298
Thermal treatment 21
Thermogravimetricanalyses 76
Thickeningagents 87, 123
TLA 44. Seealso Tough and
lightweight fly ash aggregate
TLP 388. SeealsoHeidruntension
leg platform
Tobermorite 322
Tough and lightweight fly ash
aggregate 44. Seealso
TLA
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Towersof Guyshospital 393
Trammel screen 52
Transitionzone 189, 190, 373
Transport and handling 380
Transportation 126

Trass 68

Travellinggrate 33

Trial test method 93

Troll GBS 389

Troll structures 387

Troll West 389

Trydymite 305

Tunnel construction 391

U

UK Lytag™ aggregates 139
Unconnected cells 32
Underground parking garages 370
Unhydrated cement paste 136
Uniform stressdistribution 376
Uniform uniaxial compressive stress
154
Unrestrained cylinders 279
Unrestrained specimens 279
Utelite 13

Vv

Vacuum 139
Vacuum-soaking 121, 122
van der Waal forces 200
Vapor

pressure 294

transport 310
Vaporization zone 298
Vermiculite 12, 18, 22, 27,

29, 171, 213

Vertical shaftkiln 22
Vesicular structure 370
Vibratingtables 127
Visco-elastictheory 199
Viscosity-enhancingagent 87
Viscousflow theory 199
Vitrification 141

429

Voids 42, 149
formation 44, 168
structure 49
Volcanic aggregates 11, 254
Volcanicorigin 11
Volume
calculated or expected 125
expansion 323
fraction 202, 204

\W

Wi/Cratio 334
uncertainty of effectiveness 187
Wall panels 387
Wallsand masonry units 57
Warmcuring 270
Wastefuels 62
Waste material 378
suitability 13
Waste products 380
Water
content 34, 102
impermeability 97
loss 43
permeability 95
Water absorbed by aggregate 186
Water absorption 43, 44, 46, 50,
57, 78, 93, 96, 97, 99,
106, 124, 141, 164, 186,
189, 351
capacity 164
property 139
rate 125
Waeter jets 54
Water nozzles 56
Water reducers 88
Water-absorption curve 125
Water-reducing admixtures 83
Water-reducing agents 323
Water-to-binder ratio 83, 109,
160, 163, 169, 179, 182,
190, 193, 200, 353
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Water-to-cementratio 93, 120,
121, 160, 162, 163, 179,
206, 208, 223, 285, 323

Water/binder ratio 70, 98, 179

Water/cementratio 98, 102, 104,
122, 129, 186, 205, 208

Weather conditions 121

Weightloss 356

Wet process 28, 29

Wetting cycles 278, 281

Wetting regime 277

White precipitate 238

Winnowing 29

Workability 123, 124,
125, 129, 179

loss 126
Working costs 379

X

X-concrete 384, 391
X-ray analysissystem 142
X-ray mapping 155, 159
XRD 159

Y

Yield 125
Young concrete
property 330
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