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1. HISTORY OF THE ANCIENT USE OF POZZOLANIC MATERIALS IN
EUROPE.

Fty ash, slag, sifica furne and cther siliceous materials,.md'l as natural pozzotans,
have been largely used in Europe.

The use of natural pozzolan-lime mortars and concrste was i use in Europe much
before the invention of partland cement in the 15th century. The Romans made
wide use of a volcanic matertal based on a zediitic W discovered in Pozzuoli at
the Bay of Maples and thus this material become popularly known all over the
warld as pozclena O DOZZ0IaN. When other materials reacting with ime were found
in other countries, such as Germany, France, Spain, the term of pozzolan was
used to indicate any pozzolanic material, independantly of its genlogical origin and
chemical compesition.

As the Romans learmt the -art of construction developad by the Greeks, 1t is not
surprising t¢ know that natural pozzolan-lime cancrete has been used in Greek
constructions dating 700 B.C. (1).

According to Lea {2) the Romans have also used the first artificial pozzalam from
crushed tiles recovered by old deterforated constructions. Natural pozzolans
based on trass, a vulcanic tuff, have been used in oid Roman buildings along the
Rhine in Germany (2). Trass depesit have also been discavered in Rumania and

USSR {1).

Many of the Roman building constructions, such as the Panthacn in Rome, ar
hydraulic structures, such as the famous Roman aqueducts, are in exceffent
condition even today in testmony of the keng-term durability of cementitous
products based on pozzolan,

2. PRESENY USE AND FUTURE DIRECTIONS OF POZZOLANIC
MATERIALS IN EURQPE

European countries such as Germany, France, U.S.5.R., ltaly, Gréeece and the
Netherlands have had a long history of interest in saving energy and therefore
since a kong time they are engaged in the manufacture of large amounts of portland
blended cements containing pozzofanic materals such as slag and natural
pozzolans, Recently thereis interest also in Europe, as it occurs in North America
since 2 Jong time, in utitizing pozzolanic materials in the form of concrete

' ingredients rather than as componants of blended caments; this is particutarty true

for by-products materials such as silica fume and fly ash.
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2.1 Portland blended cements

‘Portland blended cements {3,4) are widely manutactured and usad in Europa since

the 19th century. Standard specifications exist in different European countries for
pozzoian and slag cements. However, due to various reasons, in some countries
only one of the two meantioned above blended cements is really produced onlarge
scale. For instance in Kaly, which is the biggest producer of cement in Western
Europe more than 40% of the cernent (38 million metric tons per year) is of
portland-pozzolan type containing about 25% pazzolan, whereas slag cement is
about 7% only. This difference in the amounts of pozzolan and slag cement could
be aseribed to both the large availability of natural pozzolans all over Italy and the
ancient tradition in the use of natural pozzolans. Similar reasons could sxplain
why all porland cement manufactured in Greece generally contains 10% of
volcanic pozzolan from Santorini Island, called Santorini earth {1).

On the other hand, the amount of pozzolan cements produced in Western
Germany is very small. Not more than 50000 metric tons per year of natural
pazzolan is used for manufacturing blended portland cements (1), Slag cement is
much more popular than pozzolan cement in Western Germany, probably
because this country is a very big producer of iren in Europe, s¢ that the iron
blast-furnace slag is avaitable in very large amounts,

Since natural pozzolan and iron biast fumace slag are geaerally available in form

‘of coarse particles these materials have baen preferably used since the 158th

century 1o make blended cemerty by integrinding porand cement clinker,
gypsum and pozzolan or slag in the cemeant mill. With the acdvent of fiy ash, which
is approximately as fine as portiand cemant, the grinding process of the pozzolan
at the cement mill is nat necessarity required and only a blending process at the
separator is carried out. Due to the energy saving caused by this change in the
procass, fty ash is replacing natura) pozzolan in many countries of Europe 1o
manufactura porand-pozeolan cement. On the other hand, many Europear
couritries, which did not preduce poriand-pozzoian cemertt in the past time for
lack of kocal natural pozzolan, are staring in manufachuing fiy ash-portland
cement.

22 Advantages cf portland biended cements over portland cement

Basides the energy saving for the cement producer in manufacturing portiand
blended cemants, there ars sorme technical agvantages for the users of pozzolan
or slag cements. Table 1 summarizes the improvement i1 concrete performancas
with portiand blended cements replacing portland cemant.

Table 1 Technical improvements i concrete performances with pozzolan or
slag cements replacing portiand cement

l EFFECT CONCRETE STRUCTURE

J‘ BENEFIT

‘ Reduction in heat ! Dams and other massive
devsalopmant . structures
Increase in concrats Structures exposed to
sulfate resistance - sulfate attack
Reduction in chloride Reinforced concrete for
penetration (irmproved marine structures and
protection of embedded structure exposed to deicing
iterms against corrosion, agents
i.e. rusting, oxidation,
sic.)
Reduction in alkali- Concrete with reactive
aggregate reaction aggregates

Reduction in generation of heat development is substantially due to the lower
content of partland cemaent. Figure 1 shows the heat developed by portland
cerment and the corresponding portland blended cements contzining 25% of slag
or natural pozzolan.

improvemneant in the concrate sulfate resistance is mainly due to the reduction of

tha fres lims resulting from the hydration of the cement and thereby to the reduction
in the amount of gypsum; Fig. 2 shows the changs inlength of concrate specimens
exposed to a 10% Mg S04 agueous solution: the use of slag cement and in
particular of pozzolan cement instead of portland cement reduces the expansion
caused by the sulfate attack.
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Fig 1 Generation of heat hydration from porland cement and Hlended cements
(25% of sfag or 8y ashtype F).

Chioride penetration through concrete is source of danger since it promotes
corosicn of reinforcement. Chioride penetration 0ccurs in a good agreement with
the Fick's law {5):

4G

J==-0 3

whera J is the amount of chioride penetrating concrete per unit of area and time,
C is the concantration of chicvide st differant concrete depth (), and Dis diffusion
coefficient which depends on the intrinsic property of cancrete (w/c ratio, curing
time, type of cement). The D coefficient can be calcutated if the x-t curve (Fig. 3)
15 known fram the following equation {(5):

x=41/5t-

.10

EXPANSION (%)

™E (months) -

Fig.2 Change in langth of concrete specimaens Immersed I 10% MgS04 aquecus
solution. Cement factor = 300 hgfma: wfc = 0.55; slag ortype F fty ash used

in blended cements in the amount of 20%: curing before sutfate attack = 28 days.

The D gdiffusion coefficient at a given water/cement ratio (0.55) and at curing time
of 28 days is shown in Tabie 2 for concrete mixes containing portiand cemert or
portiand Dlended cements. Table 2 indicates that the chioride diffusion coefficient
of pozzolan cement concrete or slag cement concrete is about 30 or S0%
respectively by the D value of porffand cement concreze,

2.3 Drawbacks of portfand blended cements

Concrete with portland blended cements have lower early strength and are more
inClined to the risk of carbonation in comparison with concrete containing pertland

" cement (Table 3),
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Tabla 2 Fiek's fow and chionica diffusion coafficiant for concreta mixas

of Fig.3
J=-D ac X =4 \/Et
j dx
Typa of Portland | Slag-Porland | Pozzolan-Portland
oot (w*) [#*ﬂ’)
D (mms) 140% 05109 0.3-10¢

-ty

D values galcuisted from Fig. 3
25% of slag
25% of type F fly ash

Due to the lower amount of portland cement, which means higher w/c ratio, and
because of the relative siowness of pozzolan and slag In reacting with lime and
water, early strength of portland blended cament is lowsr than that of the
carresponding concrate with portland cemant {Fig. 4}.

Tabled  Drawbacks of concratas with portand blanded cements in
cempanson with portand cement concrets

CONCRETE STRUCTURE
DRAWBACK

| . EFFECT

Lewer early sirength Retard in demoulding

partictdarty in cold
weather

Quicker carbonation Less protection of steel
process reinforcament in lsan

' concrets struciures
exposed to tha carbon i
dioxice of the atmosphere

e —rr———— R

However, due to the subsequent reaction of slag or pozzolan, strength at later .
ages (after 90 days) of concrete with portland biended cements are at the same
level as that of concrate with portiand cement (Fig. 4).

Carbonation consists in the reaction of the free ime produced by cement hydration
and the carbon digxide of the amnosphera. Therafcre carbonation reduces the
alkalinity of concrete and thus reduces its eflectivenass as a protective medium
for the steel reinforcement. Generally carbonation does not penetrate deeply in
good quality concrete, with low w/c ratic, adequately consolidated and cured. Cnly
in porous concrete or whers the concrete cover is relatively small carbonation
could cause steel corrosion. In such a case, the reduction in the free iime as a
consequence of the pozzolanic reaction, could increase the carbonation rate in
the concrete containing slag and in particular fty ash., Figure 5 shows the
carbonation process in two lean concrete mixes containing 250 kgfm3 of portland
cement or pozzolan-pordand cement (25% of fiy ash). The penstration depth of
GOz intc the concrete has been determined by the change in colour on the surface
of phenalphtalein concrete reated. Concrete with portland cement performs better
than pozzolan-portiand cermnant in resisting the CO2 penetration.



Both the above mentioned drawbiacks (Table 3) may be reduced or completely - Fly ash may be introduced as an additional component at the concrete mix
remaved by using fiy ash addition as shown in section 3, plant. o .o

The first alternative has been practised i Europe for the manufacture of slag
cement and pozzolan-cement containing natural pozzolan since bath slag and
natural pozzolan must be ground in the cement mill. The second alternative is
graduatly developing in Europe with the advent of fly ash which, for its relatively
high finenass, does not nacessarily need to be ground.

]

Table 4 shows the parcentage of collected fiy ash used in cement and concrete
at the and of seventies in scme Curopean countries when, due to the il crisis, the
coal utilization and therety tha fty ash availability just began to increase. The data
of Table 4 indicate that from 10 to 20% of the total available fly ash was devoted

COMPRESSIVE STRENGTH (MPu)
8 s

o ' to cement or gongrete mixes in some European concrates at the end of seventies,
2 Mz, sise comee sgrvpte | Dt S Thesa figures should indicate that in Eurcpe the percentage of collected fy ash
:‘;‘ i e . _ _ devoted to concrete constructions was a little higher than the average value of
- ose - 11.4% estimated by Mans (6) in 1977 for the world-wide production of fly ash
SN T {about 280 millions metric tons).
a 1 1 3 1 [
a n 40 = m oo 120
TIME (deya) I . | '
. Table 4 Fercentage of colected fly ash in cement plants or concrate
Fg. 4 Compressive srengith as a funetion of curing tima for conerets ’ batching plants in some European countries at the end of 70's,
. with portland cement or pozzolan-portiand cornent (20% of type F .
) : Ry ash), - | ’ COUNTRY % USED I YEAR**
France * 24 1978 !
‘ UK~ _ 19 ‘ 1978
’ L Poland* 14 1345
3. PRESENT USE AND FUTURE DIRECTIONS OF FLY ASH IN EUROPE o : Danmark* 14 ! 1581
’ Garmany™* 9 } 1978
In practice fty ash can be used into concrets in one of the two ways: - laly 24 . 1980
H i

- A portiandg blended cemant cortaining fiy ash in place of portland cement is !
usad; such 8 way of utilization can be carried out by mixing fiy ash and portland
cement at the cemeant plant {as discussed in section 2.1) or by replacing & certain
partof cement by fly ash at the concrate batching plant; performances of concrates -
cortaining fly ash replacing a certain part of coment have been discussed in
sections 2.2 and 2.3,

* From reference (7}; ** 50 to 60% in 1987 (8).



Presently the parcertage of collsctad fy ash devoted to cement or concrete mixes
is estimated to be about 50% to 80% in many Western Eurgpe countries. There
are some difficulties in using more fiy ash than this peccentage because in general

- there are not yet enough warehouses for staring fly ash before distribution to
cement or concrete users (8). On the other hand, the use of cement and in
particular fly ash are significantly reduced in winter time, just when more coal is
used and theraby more fly ash is available. The opposite is true in summer time.
This seasonal discrepancy between available and required amounts of fiy ash
could Block the progress in the use of fiy ash unless financial investrments will be
davoted to build Ry ash warehcuses. Presently the excess of fly ash produced in
wintar time is devoted to alfternative uses such as mine disposal, earth
consolidation, etc.

Table 5 shows the expected total production till to 2000 of fly ash {iype F and C)
as welt as of boitom ash in nine West European countries, Type F fly ash is
expacted to change from 21,8 in 1985 to about 32 million metric tons per year in
2000, whereas there is no substantial change in the amount of type C fly ash mainly
produced from lignite. Fly ash coukd be used as raw material for blended cemert
or a5 an additional concrete component, whereas bottom agh because of its
coarsenass could be advantagecusty used only in the cement mill to manufacture
pozzoian cement.

Table § Production {million metric tonsfyaar) of coal ashas expectad in

European countries* {8}
YEAR FLY ASH BOTTOM ASH

TypeF - TypeC

1985 228 186 | 7.2
1990 e 234 . 1B7 , 713
1995 . It . 16.7. 8.3

| 2000 32.1 16.7 8.4
4 o

* Belgiurn, Denmark, Germany, Finland, ltaly, The Netherands,
Spain, Sweden, UK

1o

ixr

Pm:'mmbﬂ {mm)

TIME (morths)

Fig. 5 Panmmunacamondlmddainmmmhmmnﬁmgzmkgfmsd
portiand cement or pozzolan-poriand cement (20% of type F fly ash).
After a wet curing of 7 daya the specimens wene exposed to air {R.H, = 60%}.

When fly ashiis used as additional component without any reduction in the cament
content, the drawbacks consisting in retardation of hardenirg and acceleration of
carboration (Fig. 4 and 5) can be completely remaoved.

Table 6 shows the cement content of concrete mixes in the absence or in the
prasence of fly ash used to replace part of cement or as additional component.
By using very small dosage of plasticizer the slump was adjusted at the same level
of 140 mm fox all the concrete mixes,



Table & Mx proportions and setting characterises of concrete mixas with or
whhaou fly ash (Type F)

Mix.No. | Portiand | Fly ash wic w Satting time
cement c+FA (hrzmin)
content ; . Initial Final |
(ka/m®) | (kg/m’)

1 300 - Q.60 . 4:55 715

2 . 240 80 v 075 | 060 515 745

3 i 300 | &0 - 0.60 0.50 4:15 6:40
|

The data of Table § indicate that fiy ash reduces seting ime when used as an
agddiional componert (Mix No. 3), whereas it extends sefting times when it
replaces a part of portland cement (Mix No. 2). These data confirm the general
Dodson's rule (8) that when setting times are extended by fly ash, the extended
sefting time is ascribed to the dilution of the portland cament cortent: according
e Dodson, seting tirme is reduced as the total cement factor (¢ + FA) is increased

- {Mix No. 3 in Table &) and setting time is extended as the wfc ratio is Increased
{Mix No. 2 in Table 6). However, this rule is by no means general since other
chemical factors, such as sulfete and caicium content, as well as water absarption
of fly ash, may affect the setling time characteristics.

Data ot F¥y. 6 are in agreement with those of Table & sinca fiy ash increases both
earty and later strength when it Is used as an additional component, whereas fy
ash reduces early strength when it is used to replace part of cement.

Similar effects have been found for the carbonation process (Fig. 7). Fly ash

reduces the carbonation rate of lean concrete mixes when it s used as an |

additional cornponent bacausa it reduces concrete permesbility. On the other
hand, fly ash increases the carbenation rate mainly during th first 3 months when
it is used to replace pan of the cament in a pozzolan-gortiand cement because it
increases permeability; hawever, after 3 months the difference in the carbonation
rate for portiand cement concrate and pozzolan cament concretes s negligible.

rL2

-

VE STRENGTH {(MPa)

TIME {dayw)

Fig.6 Effact of iy ash as an addtional componert oF replacing part of cament (parrolan-portiand
CHMEM) ON CONCrate COMDressive strangth (3o Tabla 5).

TME (monthe)

Fig.7  Effect of Ry ash on the CO2 peneiration in tean concreta mixes. Fly ash addition s
concrata component = 50 kg/m™. Gontert of partiand Cemant oF pozzotan-portiand
comant (20% fly ash) = 250 kg/m. Alter 4wt curing of 7 days the spackmens were
exposed o air {RH. = S0%).
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4.  PRESENT USE AND FUTURE DIRECTIONS OF SILICA FUME IN
EUROPE

Last but not least, silica furne was studied in Europe, for the first time in the world,
as concrete mineral admixturs n the early 50's at the Norwegian Insttute of
Technology (1C). In the mid 70's the use of silica fume both in practice and in
laboratory started in sevaral Scandinavian countries; Morway, Sweden, Danmark
ard Iceland (8). After then, research work and practical use of silica fume n
concrete started in many countrigs outside Europe.

Presertty NMorway and U.S.5.R. are among tha biggest silica fume producers.
Lower amounts of silica fume are also availabke in other European countries such
as France, Germany, ltaly, ste_

There are z;nany interesting reports {10-18) on the exceltant parformancas cf silica
furne as pozzolanic material which are not discussed here.

In tha present report only some specific aspects concerring the futura use of silica
fume are examined. .

First of all, the total available amount of silica fume is very small in comparison with
other pozzolanic materials such as fty ash or slag, Jahren (14) astimates thatmuch
less than 1 million metric ton per year is available in the Western Warld and Japan.

Dua to the high market request, the silica fume price is redatively high, i.e. 2103
times the cement price. This means that siica furne will be devoted in the future
to special cement mixes such as repaiing and grouting premixed monars, or
very-high quality special concretes where high strength and fong-term durability
are required. Moraaver, as silica fuma does not periorm vary weall when used alons,
due to very high water requirerneant, for the above mentioned specials applcation
silica fume must be used in combination with superplasticizer used at very high
dosage {2-6% by weight of cement). Therefors the additional extra-cost for
superplasticizer will make even more silica fume a very special pozzoianic
admidure. ’

In view of these future directions, the author of present report thinks that the
following three technical aspects should be investigated:

- a) thixotropic behaviour of cemeant mixes;
b} brittlerress of high-strength concretes;

c) crack sensitivity

15

4.1 Thixotropic behaviour of cament mixes

When fresh mortar and concrete are sprayed on an old concrete structure the
sagging effect could be reduced or completely removed by increasing the
thixotropy of the sprayed cement mix. Such a technique is practised in Europe 10
spray high quality cernent mixes to repair deteriorated concrete structures without
using set accelerating admixtures, which could damaga the long-term durability
of the repairing mortar or concrete.

The combined addition of silica fume and superplasticizer is advantagecusly used
to obitain very thixatropic cement mixes which are pumpabie and sprayahbie aven
at very low w/c ratio and at the same time do not sag just after spraying.

The evaluation of the thixotropic charactaristics could ba carried out by examining
the rheological properties of cement mixes.  Figure 8 shows the .shear stress
{r) -shear rate (D} curve for; phain cemant mix (A); superplesticized cement mix
{B): cemant mix with silica fume (C); and cement mix with superplasticizer (4%4)
and silica fume (D). '

In the presence of silica fume alone {Fig. 8-C), the mix appears cohesive but very

stiff even with a wic ratio of 0.55. This corresponds to a very high value in the yield

stress and a relatively large hysteresis kxop valug between the upcurve and the

downcurve. With the combined addiion of superplasticizer and silica fume the wic

ratio is reduced from Q.55 to 0.38. This mix appears again cohesive and sticky

and, at the same time, very flowable. I comparison with the plain mix (Fig. 8-A)
or that with superplasticizer alone (Fig. 8-8), tha cement mix containing both

superplasticizer and silica fume (Fig. 8-D) shows a higher yield siress and a larger

hysteresis loop as a consegquence of the thixotropic beahaviour,

3.2 Briteness of high-strength concretes

Even if silica fume by tself does not cause any significant change in ductility of
concrete (10}, high strength concrete - including superplasticized concrete in the
presance of silica fume - behaves as a brittle material. However, a brittle material
does not necessarily mean a brittfe construction since design and reinforcement
could completely transtorm a brittle structure into a ductile one.
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Shear stress (1) versus shear rata {D) for camant pasta (A); suparplasticized
cement paste {8), cement pasts with silcs fumne (C), and superplasticized cement
pasta with siica furme. :

Stress-strain tests have been carried out on nomal-strength concrete (40 MPa)
and high strength concrete (80 MPa) containing both superplasticizer (4%) and
silica fume (15%). Cyclic lpading tests have heen carried out at constant strain
rates in the reloading and unkading curves {Fig. 8 1o 13). Figure 9, illustrates the
refatively ductie bebaviour of the normal-strength concrete specimen, whereas
Fig. 10 shows tha brittiéness of the high-strangth concrate specimen since the
falling part of the stress-strain curve is much steeper. However when reinforced,
the high-strength concrete becomes a very ductile material (Fig. 11).

Since high-strangth concrete containing sifica fume is generally devoted only 1o
reinforeed structures, research on proper design and adequate reinforcement
shouid be éncouraged 10 utilize the potential properties of silica furme high-strength
concretes. : .

4.3 Crack sensitivity

Ingeneral, silica fume cement mixes hava a higher shrinkage potential than control '

cement mixes (10). The effect is more evident in paste (17} or mortar (18)
specimens particularly at higher content of silica fume (above 10%). Shrinkage

17

data (10,18, 19} of concrete are mors difficult to evaluate and contradictory results .

have alsc been obtained (10).

Johansen fourd that silica fume makes concrete vulnerabls to cracks causad by
both plastic {20) and drying shrinkage (18).

Experimants carried out by Chatteri, Collepardl, and Mericoni (21) demonstrate
that mixing procedure affects significantly tha crack formation in the presencs of
silica furne. When cement and silica fume were normally mixed with water, cracks
appearad within 24 hr after casting even though the specimens were still in their
moulds and in a hiurmid atmosphera. When silica fume was first mixed with water
and then pordand cament was added to the silica fume slurry, no crack was visible
until the specimens were exposed to a drying atmosphera, Therefore, it seems
that, in the absence of a preliminary wetting, silica fume may absorb water from
the cement paste causing an "inside” drying shrinkage and than visible ¢racks
even in a humid atmosphare.,
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. |' L iR - \Y : To explain such a crack sensivity and in particular the effect of the mixing

: . - precedure, a new model for silica fume morphology may be proposad. According

T - __ \ al 1o tha particle size measwements, silica fume appears in form of very fine particies

R o . Y from 0.07 to 1 micron with an average value 0.1 micron. According to the SEM

B : i - B : Migrographs silica fume appears in forr of bigger aggregates up o 30 microns

.. ' ) e {Figg. 12} or even more. Presently, it is assumed that the 0.1 micron particles shouid
form the bigger. aggregates by “weak' solid-to-solid contact bonds (TIndividual
Grapes" madel).
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An alternative model {"Bunch of Grapes" maodei) is here proposed by the author
. ot the present report. According to this rew model, among the very fine silica fure

-

= partictes (0.7 micron) there are also relatively “strong* vetrified bands farming the
= Digger aggregates observed by SEM (Fig. 12).
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Fig. 11 Stress-strain cyciing loading tesl on reinforced high-sirength concreto (80 MPa)
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\Q‘ - ’ The relatively high BET specific surface area of sdica fuma, determined by N2
L — . - — d 2 adsorption (151030 rnzfg). is in agreement with both the "Bunch of Grapes® model
e e e e ey s A n o n - e — . N & and the "indwduat Grapes" model. indeed, even for the new model, the specific
— e — . : ) surface arsa should ba very high to tha fact that N2 moiecules can penetrata the
“ e - - - —_ o imerstitial voids among tha individuat silica fume particies.
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The “Bunch of Grapes" model could explain why silica furme could cause cracks
in cement mixes avert in 2 humid atmasphere. Part of mixing water couid leave the
cement paste and penatrate the interstitial voids among the individual silica furme
particles of the "Bunch of Grapes* microstructure, On the other hand, a carefui
praliminary mixing of silica fume with water shoukd saturate the silica fume
microstructure and removs the crack sensitivity drawback of cement mixes
cantaining silica fume.

If the above mechanism is "correct’, this should not ba in agreement with the
particle size measurements (0.01 to 1 micron) found in the literatura {15). Really
the author of the present report was never able to reproduce these particle size
results by analyzing mary silica fume from different sources. Figure 13 ilustrates
the particle size distribution by using a laser size analyzer after dispersing the
pulverized sample of silica fume in water by ulirasonic pulses. The particle size:
distribution up to 100 micron (Fig. 13) is in agreement with both the SEM
micrograph {Fg. 12) and the “Bunch of Grapes” modsl.

More research is needed to explain the discrepancy in the particla size distribution
between the resuits of the present report (Fig. 13) and thosa found in the technical
iteranye (15). |

DIFFERENTWL (%)

Fig 12 Particia stre distribition of slllcs fume: cumuiativa (4) and differenital (B).
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