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Abstract

In this research, the use of raw and calcined diatomite which is in amorphous and porous nature was investigated in cement produc-
tion. The physical, chemical, mineralogical, micro-structural and mechanical tests of the mortars, prepared by mixing Portland cement
clinkers with 5%, 10% and 20% raw and calcined diatomite (w/w) and gypsum were carried out. According to the test results, raw diat-
omite blended cements have produced comparable strength values with respect to the reference cement (OPC) up to 10% addition;
increased additions resulted in decreases in the strength due to the higher water demand related to the porosity while Blaine values
and reactive SiO, content were increased. Calcination changed the porous structure of diatomite and eased the grindability as well as

providing it to be used as a cement addition at a higher rate of 20%.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement is an important building material whose pro-
duction increases day by day. New cement products are
developed according to the demands and for new construc-
tion technology; pozzolanic cements are especially becom-
ing more common. Pozzolans are alumina-silicate bearing
materials [1]. Cement industry utilize the pozzolans as nat-
ural (volcanic tuff, zeolite and diatomite) or synthetic
forms. Synthetic pozzolans are produced from industrial
wastes such as fly ash, silica fumes, slags or by applying
heat treatment on clays (metakaolin). For the use of pozzo-
lanic cements, apart from economical and environmental
advantageous [2,3], their effects on reducing alkali aggre-
gate reactions [4] and increasing strength against chemical
media [5-9] are considered to be important. The insulation
properties [10,11] and the weight of the structural materials
[12-17] are now also very crucial. Diatomite is the only
pozzolanic material which meets the required properties
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stated above [1]. As well known, diatomite is the fossil type
of material which was formed by the accumulation of sili-
ceous shells of algeas and it has a chemical formula of
SiO, - nH,O [18]. It can be found at higher purity or may
contain various impurities at different rates such as sand,
silt, clay, limestone, marn and tuff.

Diatomite is an important industrial ore with distinctive
properties [19]. There are numerous publications on the
properties and the use of diatomite [20,21]. Diatomite is
mostly used for filtration. There are many reasons for the
use of diatomite in filtration such as; its high porosity
and bulk volume, its porous and permeable structure, its
resistance to chemicals and high purity, large filtration sur-
face area, its good adsorption properties especially for oils
and micro-organisms [22]. Calcinated diatomite also pro-
vides higher flow rates in filtration. Because of these prop-
erties, diatomite is used as a filtrating material or as a
constituent of a ceramic filter body, mainly for the filtra-
tion of sugar syrup, beer, whisky, wine, fruit juice, mineral
or vegetable oils, pharmaceuticals and for the refining of
waste water, dry cleaning solvents, industrial wastes, chem-
icals, varnishes [20,23,24]. It was recently proven that diat-
omite can also be added to cement as one of its constituents
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for improvement [25]. Diatomite is also chemically inert for
most substances and has very low thermal conductivity
[18].

Diatomite has been known as pozzolanic material since
the ancient time. It is known that the dome of the Hagias
Sophia in Istanbul (constructed in A.D. 500) was made
using the diatomite based bricks due to weight advantage
[18]. However, the research on the use of diatomite as
cement additive has recently been popular. The studies
using various diatomites from Greece, Hungary and
Romania have proved that diatomite additions increased
the strength of cements [25-28]. Stamatakis et al. [25] have
determined that diatomites (from Greece, Hungary and
Romania) with high silica content (75.00-77.68%) had
reactive silica in between 50.50% and 69.07% while the
diatomites with low silica content (30.25-59.90%) had reac-
tive silica in between 25.50% and 45.02%. They have also
reported that strength development was increased depend-
ing on the increased diatomite addition and reactive silica
content. Moreover, Fragoulis et al. [26] found that diato-
mite addition due to reactive silica content played impor-
tant role in strength development. In the other research
with clayey and calcareous diatomite, it was concluded that
reactive silica content and high Blaine values improved
mechanical properties and therefore, diatomite could be
used as a cement additive. However, it was recommended
that it should be used with super-plasticizers because of
the high water demand [27,28].

According to the related studies, the strength of the diat-
omite blended cements is decreased mainly due to the
increased water demand which is limiting the use of diato-
mite as cement additive. However, if this problem is over-
come, diatomite can be used as a valuable cement additive
such as silica fumes since it contains reactive SiO». It is also
a very important aggregate due to its light weight reducing
the dead load of the constructions and high thermal insula-
tion capacity [11,27]. At this point, it is believed that the
problem limiting the use of diatomite as pozzolan can be
overcome by changing the micro-structure by a heat
treatment.

In this research, the use of raw and calcined diatomite of
Kiitahya/Alayunt region in Turkey, whose SiO, content
varies between 50% and 90% with a possible reserve of
15 million tones [29], was investigated and the effects of
diatomite addition to cement properties as pozzolan were
tested.

2. Materials and methods
2.1. Materials

The raw materials used in this research were Portland
cement clinker, diatomite and gypsum. Portland cement
clinker and gypsum were obtained from Bati S6ke Cement
Factory (Aydin/Turkey). Diatomite was obtained from
Kiitahya/Alayunt (Turkey) region and was prepared as
both raw and calcined forms. In preparation of the mortar

Table 1
Chemical and physical compositions of the standart aggregates used
(Wt.%)

Chemical (%) Sieve size Cumulative over

composition (mm) size (%)

SiO, 94.05 2.0 -

ALO; 2.98 1.6 6.65

Fe,0; 0.15 1.0 35.02

CaO 0.17 0.5 62.24

MgO 0.03 0.16 82.14

SO; 0.05 0.08 99.01

K,0 1.20

Na,O 0.85

Humidity 0.11

L.O.L. 0.57

Table 2

Chemical compositions of the materials used (wt.%)

Oxides Clinker Gypsum Diatomite Diatomite
(raw) (calcined)

SiO, 20.50 0.38 78.24 93.60

ALO; 5.25 0.02 0.55 0.95

Fe,0; 3.85 0.07 1.12 1.29

CaO 63.48 32.14 1.06 1.25

MgO 1.37 0.12 0.87 0.81

Na,O 0.89 0.04 0.89 0.55

K,0 0.40 0.02 0.75 0.46

SO; 1.21 46.12 0.98 0.21

Free CaO 0.93 - - -

L.O.L 0.42 21.02 15.54 0.51

Reactive SiO, 62.33 71.21

Table 3

Mineralogical composition of the clinker (Bogue calculation) (wt.%)

Mineralogical phases C5S C,S C3A C,AF

Clinker 58.4 14.9 7.4 11.72

specimens, standard aggregate whose properties are given
in Table 1 (produced by SET Trakya Cement Factory)
and tap water were used.

The clinker and gypsum specimens were first dried for
2 h and ground in a disc mill for 4 min and screened under
100 um. The chemical analysis was then made using an
ARL-8680" model X-ray spectrophotometer according to
the Turkish Standard called TS EN 196-2."! The result of
chemical analysis is given in Table 2 and the mineralogical
composition of the clinker was calculated by the Bogue for-
mulas as given in Table 3.

' TS EN 196-1 Methods of testing cement-Part 1: Determination of
strength.TS EN 196-2 Methods of testing cement-Part 2: Chemical
analysis of cement. TS EN 196-3 Methods of testing cement-part 3:
Determination of setting time and soundness. TS EN 196-5 Methods of
testing cement-Part 5: Pozzolanicity test for pozzolanic cement. TS EN
196-6 Methods of testing cement;Part 6: Determination of fineness.
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2.2. Methods Table 5
Compositions of the cement mixtures (wt.%)

2.2.1. Preparation of diatomite Mixtures  Clinker Gypsum Raw diatomite  Calcined diatomite

Preparation of diatomite was carried out at two stages in Clinker—gypsum
order to find out the pozzolanic effects of temperature. = OPC 96.5 3.5
First, the diatomite samples were dried and ground and  Substitution of clinker—gypsum with raw diatomite
. . . . RD 1. .

then the thermal behavior of raw diatomite was determined TORD g 6 2 i g 1(5)

by a thermal gnalysis (ﬁr§t stage). Thermal analysis was  yorp 76.5 35 20

carried out using a Perkin—Elmer-Diamond model STA Substitution of clinker—gypsum with raw diatomite

instrument. Tests were carried out in a platen crucible  5CD 915 3.5 5

and in an air atmosphere. The instrument was programmed ~ '0CD 86.5 3.5 10
20CD 76.5 3.5 20

so that it provided heating from 25 °C to 1000 °C by 20 °C/
min rate and a stop for 1 h at 1000 °C and then a cooling
from 1000 °C down to the room temperature by the same
rate.

In the second stage, heat treatment (calcination) was
applied to the samples according to the results of thermal
analysis. Calcination of the diatomite samples was made
using a Protherm-PLF 150/S model process controlled
oven in air atmosphere since it was understood that there
was no weight losses at 1000 °C according to the TG-
DTA results. The process was so programmed that it cre-
ated a heating up to 1000 °C by a rate 20 °C/min and a stop
at 1000 °C for 1 h and then a cooling down to the room
temperature by the same rate.

The chemical analysis and reactive SiO, tests of the raw
and heat treated diatomite samples was made according to
the Turkish Standard TS EN 196-2 Reactive SiO, test was
performed with chemical processes by using hydrochloric
acid (36% w/w) and potassium hydroxide (37% w/w). The
results were summarized in Table 2.

For the tests, some physical properties of the pozzolanic
materials and cement mixes were determined. For example,
specific gravity of the samples was determined by using a
Beckman 930 model picnometer, whereas specific surface
area measurement was made by a Tonindustrie Seger
model Blaine instrument. Particle size groups were
obtained by using an Alpine Air Jet Sieves (A 200 LS
model) and sieves of 45, 90, 200 um according to the Turk-
ish Standard TS EN 196-6. The results of the measure-
ments are given in Table 4.

The mineralogical analysis of the raw and calcined diat-
omite samples were made using a Rikagu Miniflex brand
ZDI3113 series XRD instrument with Cu Ko rays
(=154 A).

Micro-structural analysis of the diatomite samples was
made using a Zeiss-Supra TM 50 VP model variable pres-
sure analytical FESEM instrument. Raw and calcined diat-

Table 4
Particle size distribution

omites were seen to be in similar shapes but in different
sizes; irregular pore shapes were dominant in calcined
diatomites.

2.2.2. Preparation of reference and blended cements

The cements used in the tests were grouped as reference,
raw diatomite and calcined diatomite blended cements.
Reference cement was obtained by adding 3.5% gypsum
to the Clinker by weight and is called OPC. Raw diatomite
blended cement specimens were obtained by replacing the
Clinker with raw diatomite at various rates (5%, 10% and
20%) by weight and keeping the gypsum at 3.5% in the
composition, as clearly seen in Table 5. These samples were
called SRD, 10RD and 20RD, respectively. Similarly, cal-
cined diatomite blended cement specimens were obtained
by replacing the Clinker with calcined diatomite at various
rates (5%, 10% and 20%) by weight and keeping the gyp-
sum at 3.5% in the composition (Table 5). These samples
were called 5CD, 10CD and 20CD, respectively.

Reference and diatomite blended cement samples were
ground in a laboratory type of ball mill for 30 min. The
chemical and physical properties of the samples were deter-
mined according to the Turkish Standards called TS EN
196-2 and TS EN 196-6, respectively (Tables 6 and 7).

2.2.3. Preparation of mortars

Mortars were prepared in a mixer according to TS EN
196-1 which specifies 450 g cement, 1350 g standard aggre-
gate (Table 1) and 225 mL water for each mixture. At this
stage, standard water demand, soundness and setting time
tests were made on the fresh mortar samples according to
the TS EN 196-3. Setting time and water demand tests were
made using a Vicat instrument called RMU 24100 Berg-
amo Viq Gremello 57 model (room temperature was

Material Range dimension Blaine (cm?*/g) Specific gravity (g/cm®)
>45 (um) >90 (um) >200 (pm)

Raw diatomite 8.2 5.5 0.1 5430 2.54

Calcined diatomite 16.5 11.7 0.2 4100 2.52

Blaine and specific gravity of diatomite samples (wt.%).
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Table 6

Chemical compositions of the cement mixtures (wt.%)

Mixtures SiO, Al,O4 Fe,O3 CaO MgO Na,O K,0 SO, L.O.I

OPC 19.24 5.56 2.84 62.48 2.40 0.40 0.91 2.61 2.79

SRD 22.07 5.26 2.69 59.60 2.29 0.11 0.88 2.60 3.47

10RD 22.47 5.13 2.71 60.03 2.17 0.09 0.89 2.57 3.53

20RD 31.21 4.97 2.48 50.08 2.25 0.10 0.79 2.15 3.66

5CD 22.53 5.36 2.68 59.18 2.34 0.10 0.87 2.57 3.24

10CD 26.07 5.06 2.58 56.07 2.23 0.08 0.85 2.44 3.09

20CD 33.60 4.86 2.49 50.18 2.21 0.11 0.79 2.10 2.77

Table 7

Physical properties of the cement mixtures (wt.%)

Mixtures Range dimension Blaine (cm*/g) Specific gravity (g/cm?)
>45 (um) >90 (um) >200 (pm)

Clinker—gypsum

OPC 20.3 4.7 0.8 3247 3.15

Substitution of clinker—gypsum with raw diatomite

SRD 14.2 0.7 0.5 4182 3.04

10RD 12.8 0.8 0.4 4861 2.99

20RD 11.9 1.8 0.1 6045 2.88

Substitution of clinker—gypsum with calcined diatomite

5CD 10.2 0.8 0.0 3940 3.05

10CD 10.8 1.1 0.0 4396 3.00

20CD 12.0 1.7 0.0 4920 2.89

20 °C and relative humidity was 50-60%). Soundness tests
were made on a brass Atom Teknik Le-Chatelier instru-
ment (Table 8).

For the flexural and compressive strength tests, the mor-
tar samples were placed in rectangular moulds having a size
of 40 x40 x 160 mm. The mortars in the moulds were
vibrated for 1 min for a better placement and then kept
in the moulds for 24 h at room temperature. After that,
they were taken off the moulds and placed in a curing bath
at 20 °C. They were taken from the curing bath after 2
days, 7 days and 28 days and dried for compressive and
flexural strength tests. The tests were done according to
TS EN 196-1 and using a Toni Technik brand hydraulic
press. The result of the strength tests and micro-structural
analysis of 20% raw and calcined diatomite blended mor-
tars after 14 days.

Table 8
Water demand setting times and soundness of the cement mixtures

3. Results and discussion
3.1. Thermal analysis

The changes occurred in diatomite after heat treatment
can be seen from TG-DTA analysis (Fig. 1). From the
DTA curves, the surface and hygroscopic water removal
was seen as endothermic pattern in the heating stage; tran-
sition from amorphous to crystallized form was seen as a
weak exothermic pattern in cooling stage. From the TG
curve, it is seen that diatomite lost 6% surface humidity
at 100 °C. With the increase of temperature, weight loss
continued up to 980 °C and 8.5% weight loss was occurred
due to the degradation of Montmorillonite and Opal-A.
The weight did not change at 1000 °C for 1 h duration.
After this period, a weight loss of 1.1% was observed with

Mixtures Water demand (wt.%) Setting time (min) Soundness (mm)
Initial Final

Clinker—gypsum

OPC 28.4 180 225 2

Substitution of clinker—gypsum with raw diatomite

5SRD 30.2 165 195 1

10RD 30.8 170 210 1

20RD 37.0 165 210 1

Substitution of clinker—gypsum with calcined diatomite

5CD 31.2 180 225 1

10CD 322 175 225 1

20CD 374 160 210 1
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Fig. 1. Thermal analysis (TG-DTA) of the diatomite samples.

a weak exothermic reaction in the cooling stage and occur-
rence of Cristobalite proved that stronger crystal bonds
were established.

3.2. Chemical analysis

According to the chemical analysis of the raw and cal-
cined diatomite samples (Table 2), the amount of SiO,,
AlL,O; and Fe,O; having pozzolanic properties were
increased after calcination, whereas Na,O, K,O, SO5 were
decreased which increase the tendency for alkali aggregate
reactions. The sum of SiO,, Fe,O; and Al,O; are
accounted more than 70% of the total raw and calcined
diatomite. While the reactive SiO, percentage of the raw
diatomite was 62.3, it increased up to 75.30% after calcina-
tion process. The rate of reactive SiO,/total SiO, in raw
diatomite was 76.9%, however, this rate was reduced to
76.1% while total SiO, increased. This was explained by
transition from an amorphous form to a partly crystal
form after heat treatment.

3.3. Mineralogical analysis

In the XRD diagrams of the raw and calcined diatom-
ites (Fig. 2), extensive amorphous structure was seen in sec-
tions between 19° and 32° of 2-theta. In the amorphous
section of raw diatomite Albite, Calcite and Opal-A peaks
were noticed. Crystallized section was comprised of Mont-
morillonite and calcium magnesium silicate. Raw diatomite
is mainly comprised of cation groups, namely CaO, and it
exists in the structure of Montmorillonite and calcium
magnesium silicate. MgO was the main constituents of cal-
cium magnesium silicate. Na,O and K,O exist in Albite
and Montmorillonite compositions. SO; and Fe,O; were
found as impurities in the compositions (Table 1). SiO,

which is the body builder of raw diatomite was found to
be in amorphous structure as Opal-A mineral.

In the amorphous section of the calcined diatomite,
there were Anorthite, Cristobalite and Quartz peaks. After
the calcination, aluminum silicate within the Albite and
Montmorillonite were reacted with CaO and SiO, to pro-
duce Anorthite. Opal-A was converted to Quartz and
Cristobalite.

When XRD results of both samples were compared, it
was seen that raw diatomite had irregular structure and
heat treatment made the structure more regular.

3.4. Micro-structural analysis

Microscopic structure of the diatomite samples were
examined using the SEM pictures. Raw (Fig. 3) and cal-
cined diatomites (Fig. 4) were seen to be in similar shapes
such as cylindrical, spherical etc. but in different size. While
variations were observed in raw diatomite structure, more
irregular shapes were dominant in the calcined diatomites.
The size of the shapes was in 5-10 pm.

Micro-structure of raw and calcined diatomite blended
pastes was investigated through SEM pictures after 14 days
of hydration. Acicular (needle-like) type of CH crystals
(calcium hydroxide) developed both on the CSH (calcium
silicate hydrate) and in the pores together with CSH coat-
ing developed on the hydrated cement grains in the micro-
structure of 20% raw diatomite containing cement pastes
were found (Fig. 5). There are pores of 5 pm in diameter
between the hydrated grains in the structure. Moreover,
there are CASH (ettringite) crystals having hexagonal prism
geometry developed in the pores together with CSH’s. CSH
over the hydrated cement grains within the micro-structure
of cement pastes containing 20% calcined diatomite was
developed as small and irregular pieces (Fig. 6). There
are considerable amount of gel pores over the CSH
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Fig. 2. X-ray diffraction patterns of raw diatomite before heating (25 °C) and after heating at 1000 °C temperatures for 2 hours (1: Albite 2: Anorthite
3: Calcite, 4: Calcium, Magnesium, Aluminum Oxide-Silicate, 5: Cristobalite, 6: Opal-A, 7: Quartz 8: Montmorillonite).

Fig. 3. SEM image of the raw diatomite.

coating. Crystallized acicular type of CH and CASH
between the CH’s were seen either over the CSH or in
the pores. Porous structure was not clear due to the com-
plex structure occurred. The reason for that can be
explained by the occurrence of more compact structure
with low Blaine values due to the crystallization from an
amorphous structure after the calcinations.

3.5. Specific gravity

The most important feature of diatomite is its high
porosity and low specific gravity. Specific gravity of the cal-
cined diatomite was reduced to 2.52 g/cm® while it was
2.54 g/cm® in raw diatomite (Table 4). However, there

Fig. 4. SEM image of the calcined diatomite.

was a different situation in the raw and calcined blended
cements (Table 7) i.e. the specific gravity of the calcined
diatomite blended cements were higher. This can be
explained by the granulization of diatomite after calcina-
tion and accumulation of cement particles around these
granules hence become a more compact form.

3.6. Fineness

Fineness result of the raw diatomite shows similarity
with the literature [25-28]. Fineness of the diatomites
increased after calcination (Table 4). The result that pro-
duced reduced Blaine values and increased over sieve val-
ues can be explained by the granulization. It was seen
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Fi uledd
Fig. 5. SEM image of blended cement paste including 20% raw diatomite
(after 14 days of hydration).

Fig. 6. SEM image of blended cement paste including 20% calcined
diatomite (after 14 days of hydration).

that calcined diatomite blended cement had smaller particle
size after grinding (Table 7). This was explained by the
modification of the bonding structure after calcination
and by the increase in brittleness with granulization which
eased the milling together with clinker and gypsum to pro-
duce finer particles.

3.7. Specific surface area ( Blaine)

The grindability of OPC, raw diatomite blended cements
and calcined diatomite blended cements are different. It is
easily seen that, under normal conditions, raw diatomite
is grinded finer (5430 cm?/g) than both calcined diatomite
(4100 cm?/g) and OPC (3247 cm?/g). However, it was
noticed that calcined diatomite eased the grindability
although the decrease in Blaine value.

Raw diatomite addition in cement increased the fine-
ness. The Blaine values as well as the other physical prop-
erties were affected by heat treatment. While particle size
was increased after heat treatment and granulization, the
Blaine values were reduced (Table 4). The reason for that

can be explained by the occurrence of micro-structural
form during granulization after calcinations. This situation
is partly seen in the SEM images of calcined diatomite
(Fig. 4) and clearly seen in the SEM images of the cement
pastes (Fig. 6). It was also seen that fineness of the diato-
mite blended cements was increased, directly proportional
to the diatomite addition if the other conditions were kept
constant. When over sieve values were considered, it could
be concluded that diatomite addition both in raw and cal-
cined forms eased the grindability in the mill (Table 7).

3.8. Soundness (Le-Chatelier)

Ca0O, MgO and SOj constituents of cements cause
soundness effects in the concretes produced by these
cements [1]. Therefore, it is desired to have such constitu-
ents of cement as low as required. It is expected to have
a lower soundness rate since such constituents decrease
with increasing diatomite amount in the blend (Table 6).
The results also supported this idea as seen in Table 8. It
can be concluded that both raw and calcined diatomite
addition to cement can increase the volume stability of
the concrete to be produced by using diatomite blended
cements.

3.9. Water demand

Water demand changes according to the chemical struc-
ture, specific surface area and porosity of the cement mix-
tures [1]. In blended cements, the fineness increases with
addition rate (Table 7) which affects water demand. In fact,
it was seen that water demand increased in all blending
rates and Blaine values for the diatomite blended cement
samples (Table 8). Setting time was not negatively affected
as expected with increased water demand. This was
explained by the water adsorption by the pores due to
the high Blaine values. Although Blaine values in calcined
diatomite are smaller than raw diatomite, the water
demand did not change. In this case, it may be considered
that calcined diatomite used the water available for
hydration.

3.10. Setting time

Setting time of cements changes with particle size, spe-
cific surface area and mineralogical structure of the cement
mixtures [1]. Raw and calcined blended cements had lower
setting time than OPC (Table 8). In blended cements C;A
content decreases while the amount of gypsum remains
constant. Although it is expected that setting time increases
with pozzolan addition, setting time of the raw diatomite
blended cements were found to be smaller than both cal-
cined diatomite blended cement and OPC. The reason for
this result is related to the diffusion controlled by hydration
reactions in pozzolanic cements [30]. In fact, higher poros-
ity of raw diatomite with high Blaine values eased the dif-
fusion of water and increased solution of C;A which in
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Table 9
Compressive and flexural strength test results of the cement mortars

Mortars Compressive strength (N/mm?) Flexural strength (N/mm?)

2 days 7 days 28 days 2 days 7 days 28 days
Clinker—gypsum
OPC 224 37.3 48.5 3.8 6.3 7.8
Substitution of clinker—gypsum with raw diatomite
SRD 223 35.9 47.1 42 5.2 7.8
10RD 22.8 36.7 47.9 4.2 6.3 7.7
20RD 15.1 26.0 33.8 33 42 6.5
Substitution of clinker—gypsum with calcined diatomite
5CD 22.0 35.0 47.5 4.0 6.0 7.7
10CD 223 343 49.2 3.7 6.2 7.9
20CD 19.3 33.6 48.2 3.8 5.8 8.1

turn increased the solubility of Ca®* jons. Hence, the crys-
tallization speed of CSH increased and setting time was
shortened.

In calcined diatomite, setting time was shortened with
increasing rate of addition since water diffusion became
slower due to the decrease in Blaine value which caused
slower C;A solution and hence setting time prolonged.

3.11. Flexural and compressive strength

Since the strength of cement is a function of hydrated
part, strength development is affected by mineralogical fea-
tures of the clinker, pozzolanic reactions, Blaine, reactive
Si0O, ratio and water demand of the cement mixtures. Clin-
ker phases which affect the strength values are seen in Table
2 and strength values were changed with the change in min-
eralogical phases due to increasing diatomite addition.
Since the mineralogical structure of diatomite was changed
by heat treatment, pozzolanic reactions and strength values
depending on increasing rate of addition in cement mix-
tures were also affected. With pozzolanic reactions, Si-O
tetrahedrals in diatomite structure tend to bind positive
ions to stabilize due to electrovalence instability just like
in zeolites [31] and they create CSH structure binding the
CH group in the environment.

It was understood that early strength of the cements at
5% and 10% raw and calcined diatomite additions was a
function of Blaine value. Early strength (2 days) of 5%
and 10% raw and calcined diatomite blended cements
was found to be close to that of OPC (Table 9). This result
is in good agreement with the literature findings [25,26,32].
While 10% diatomite blended cement mixtures shown
higher strength values, they were reduced when addition
rate exceeded 10% mainly because of the voids caused by
absorbed water. Early strength values were reduced in
20% diatomite blended cements although Blaine value
was increased since porous structure of diatomite absorbs
more water [33]. Similar results were seen in 7 days and
28 days strength values of raw diatomite blended cements.

When raw diatomite addition rate increased over 10%,
strength values were decreased depending on the increased
specific surface area and water demand. However, strength

values were found to be closer to those of OPC when 20%
calcined diatomite was added to the cement. In micro-
structural analysis after 14 days hydration, voids were
observed in raw diatomite blended cements due to existence
of adsorbed water and the pore structure (Fig. 5). A more
compact structure was seen in calcined diatomite blended
cement (Fig. 6). Calcined diatomite blended cements with
lower Blaine values used up the water for hydration instead
of adsorbing it into its porous structure although both had
similar water demands. Strength test results are in good
agreement with the other test (chemical, physical and
micro-structure) results and flexural strength values were
developed similar to the compressive strength values.

4. Conclusion and recommendation

Firstly, raw diatomite addition to cement up to 10%
produced positive results. After 10% addition, strength val-
ues were reduced mainly because of the increased water
adsorption of diatomite. This result has a common base
with the other research findings on the use of diatomites
as cement additive. However, calcination treatment was
proven to be a good alternative for reducing water adsorp-
tion of diatomite and hence improving the mechanical
properties of the diatomite blended cement mixtures. For
this point of view, the results of this research will play a
crucial role in developing cement based light construction
materials. The other results of the research can be given
as follows:

— Diatomite was converted to a more regular structure
after calcination. After this conversion, average particle
sizes and reactive SiO, rates were increased whereas,
specific gravity and Blaine values were decreased. These
physical and chemical changes in the property affected
the pozzolanic features of the diatomite used.

— The grindability of raw and calcined diatomite are differ-
ent. Under normal conditions, raw diatomite are grin-
ded more easily, however, calcined diatomite eased the
grinding when milled together with clinker. This fact
can provide considerable energy saving in the milling
operations of cement production.
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— Diatomite addition to cement increases SiO, and
reduces Na,O and K,O contents which may chemically
enable the production of more durable concretes.

— Diatomite is known as a pozzolanic material having
high amount of natural reactive SiO, in the composition
which is further increased by calcination.

— The specific gravity of diatomite is 20% lower than that
of Portland cement which enables the production of
lighter structural concrete components using diatomite
blended cements.

— Diatomite addition to cement decreases the soundness
causing constituents in the composition which will pro-
vide better volume stability for the concrete.

— Setting time of the pozzolanic cement mortars will be
reduced due to porosity of diatomite and diffusion of
water affecting the solubility of clinker constituents.
Setting time of the mortars can be arranged using regu-
lating additives.

— Strength values will be reduced since the amount of
water to be adsorbed is increased due to higher Blaine
values depending on raw diatomite porosity. However,
mechanical performance of concrete produced by using
calcined diatomite blended cements will be improved
since calcination produces granular diatomite with
lower Blaine values.

— Early (initial) strength values are increased by the addi-
tion of both raw and calcined diatomite up to 10% addi-
tion rate. As a cement addition, raw diatomite can be
used up to 10% and calcined diatomite can be used up
to 20%. However, if raw diatomite is used, it should
be noted that this can only produce low strength stan-
dard cement in the early stage and therefore, the con-
crete design should be made accordingly.

— When 28 days strength values are considered, it was seen
that 20% raw diatomite blended cements required longer
curing time than calcined diatomite blended cements
and OPC.

It is recommended that more research should be done on
reducing water adsorption capacity related to the pore
structure of diatomites.

Acknowledgements

This research was supported financially by Dumlupinar
University Scientific Research Fund under the project
number of 2004-5. The authors would like acknowledge
Mrs. Berna Kolukisa, “Quality Control” Chief in Bati
S6ke Cement Factory, Dr. Giirsel Yanik from Geology
Department of Dumlupinar University for interpreting
the results of XRD analysis and Mr. Hilmi Yurdakul from
Anadolu University Material Science and Engineering
Department for SEM analysis.

References

[1] Lea FM. The chemistry of cement and concrete. 3rd ed. Lon-
don: Edward Arnold, Ltd.; Reprinted in 1976.

[2] Fu X, Wang Y, Huang S, Hou X, Hou W. The influences of siliceous
waste on blended cement properties. Cement Concrete Res 2003;33:
851-6.

[3] Fu X, Wang Z, Tao W, Yang C, Hou W, Dong Y, et al. Studies on
blended cement with a large amount of fly ash. Cement Concrete Res
2002;32:1153-9.

[4] Sersale GP. Portland-zeolite-cement for minimizing alkali-aggregate
expansion. Cement Concrete Res 1987;17:404-10.

[5] Saraswathy V, Muralidharan S, Thangavel K, Srinivasan S. Influence
of activated fly ash on corrosion-resistance and strength of concrete.
Cement Concrete Res 2003;25:673-80.

[6] Vuk T, Gabrovsek R, Kaucic V. The influence of mineral admixtures
on sulfate resistance of limestone cement pastes aged in cold MgSO,
solution. Cem Conc Comp 2002;32:943-8.

[7] Abd El. Aziz M, Abd El Aleem S, Heikal M, El-Didamony H.
Hydration and durability of sulphate-resisting and slag cement blends
in Caron’s Lake water. Cement Concrete Res 2005;35:1592-600.

[8] Binici H, Aksogan O. Sulfate resistance of plain and blended cement.
Cement Concrete Comp 2006;28:39-46.

[9] Li S, Roy DM. Investigation of relations between porosity, pore
structure, and C1~ diffusion of fly ash and blended cement pastes.
Cement Concrete Res 1986;16:749-59.

[10] Al-Jabri KS, Hago AW, Al-Nuaimi AS, Al-Saidy AH. Concrete
blocks for thermal insulation in hot climate. Cement Concrete Res
2005;35:1472-9.

[11] Unal O, Uygunoglu T, Yildiz A. Investigation of properties of low-
strength lightweight concrete for thermal insulation. Build Environ
2007;42(2):584-90.

[12] Haque MN, Al-Khaiat H, Kayali O. Strength and durability of
lightweight concrete. Cement Concrete Comp 2004;26:307-14.

[13] Yasar E, Atis CD, Kilic A, Gulsen H. Strength properties of
lightweight concrete made with basaltic pumice and fly ash. Mater
Lett 2003;57:2267-70.

[14] Kihg A, Atis CD, Yasar E, Ozcan F. High-strength lightweight
concrete made with scoria aggregate containing mineral admixtures.
Cement Concrete Res 2003;33:1595-9.

[15] Khandaker M, Hossain A. Properties of volcanic pumice based
cement and lightweight concrete. Cement Concrete Res
2004;34:283-91.

[16] De Gennaro R, Cappelletti P, Cerri G, De Gennaro M, Dondi M,
Langella A. Neapolitan Yellow Tuff as raw material for lightweight
aggregates in lightweight structural concrete production. Appl Clay
Sci 2005;28:309-19.

[17] Sari D, Pasamehmetoglu AG. The effects of gradation and admixture
on the pumice lightweight aggregate concrete. Cement Concrete Res
2005;35:936-42.

[18] Mete Z. Benefication of Kiitahya-Alayunt Diatomite Ores (in
Turkish). Akdeniz University Engineering Faculty Journal, Mining
Section 1988;1:184-201.

[19] Breese ROY. Diatomite. In: Carr, editor. Industrial minerals and
rocks. Colorado, USA: SMME; 1994. p. 397-412.

[20] Bozkurt R. Diatomite. In: Onal G, editor. The List of Industrial
Minerals of Turkey (in Turkish). Istanbul: Istanbul Mine Exporters
Association (IMIB); 2000. p. 42-7.

[21] Onem Y. Industrial Raw Materials (in Turkish). Kozan Publishing
Ankara; 2000. 386.

[22] Yang Y, Zhang J, Yang W, Wu J, Chen R. Adsorption properties
for Urokinase on local diatomite surface. Appl Surf Sci 2002;7961:
1-9.

[23] Ribeiro MJ, Tulyaganov DU, Ferreira JM, Labrincha JA. Recycling
of Al-rich indust. sludge in refractory ceramic pressed bodies. Ceram
Int 2002;28:319-26.

[24] Janotka I, Stefan K, Radovan B. Geosynthetic mat Tatrabent
development production and application. Appl Clay Sci
2002;21:21-31.

[25] Stamatakis MG, Fragoulis D, Csirik G, Bedelean I, Pedersen S. The
influence of biogenic micro-silica-rich rocks on the properties of
blended cements. Cement Concrete Comp 2003;25(2):177-84.



B. Yimaz, N. Ediz | Cement & Concrete Composites 30 (2008) 202-211 211

[26] Fragoulis D, Stamatakis MG, Papageorgiou D, Chaniotakis E. The
physical and mechanical properties of composite cements manufac-
tured with calcareous and clayey Greek diatomite mixtures. Cement
Concrete Comp 2005;27(2):205-9.

[27] Fragoulis D, Stamatakis MG, Chaniotakis E, Columbus G. Char-
acterization of lightweight aggregates produced with clayey diatomite
rocks originating from Greece. Mater Charact 2004;53(2-4):307-16.

[28] Kastis D, Kakali G, Tsivilis S, Stamatakis MG. Properties and
hydration of blended cements with calcareous diatomite. Cement
Concrete Res 2006;36(10):1821-6.

[29] Eighth annual five year development plan: report of the specialist
commission of mining; sub-commission for industrial raw materials,

Raw materials of earth industries I working group report. Ankara:
DPT, 2001. p. 55. tab. (DPT. 2611-OIK. 632) ISBN 975-19-2850-8.

[30] Plowman C, Cabrera JG. Mechanism and kinetics of hydration of
C3;A and C4AF extracted from cement. Cement Concrete Res
1984;14:238-48.

[31] Feng NQ, Peng GF. Applications of natural zeolite to construction
and building materials in China. Constr Build Mater 2005;19:579-84.

[32] Al-Khaiat H, Haque MN. Effect of initial curing on early strength
and physical properties of a lightweight. Cement Concrete Res
1998;28:859-66.

[33] Lo TY, Cui HZ. Effect of porous lightweight aggregate on strength of
concrete. Mater Lett 2004;58:916-9.



	The use of raw and calcined diatomite in cement production
	Introduction
	Materials and methods
	Materials
	Methods
	Preparation of diatomite
	Preparation of reference and blended cements
	Preparation of mortars


	Results and discussion
	Thermal analysis
	Chemical analysis
	Mineralogical analysis
	Micro-structural analysis
	Specific gravity
	Fineness
	Specific surface area (Blaine)
	Soundness (Le-Chatelier)
	Water demand
	Setting time
	Flexural and compressive strength

	Conclusion and recommendation
	Acknowledgements
	References


