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Abstract: Natural pozzolans, also known as trass, can be used in cement manufacturing due to their cementitious properties after reaction
with calcium hydroxide. At different mixture proportions, the strength, setting time, workability, and soundness of the cement mortar
made will differ. In this paper, cement mortars with six different natural pozzolan additions �ranging from 0 to 35%� were employed while
using one type of natural pozzolan. As the experimental results show, increase in a natural pozzolan addition decreases the early age
strength of cement significantly as expected and decreases the soundness of mortar by two-thirds. In addition, the workability conditions
relatively improve and the settings delay for awhile.
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Introduction

ASTM C125 defines pozzolan as “a siliceous or siliceous and
aluminous material, which in itself possesses little or no cemen-
titious value, but will, in finely divided form and in the presence
of moisture, chemically react with calcium hydroxide at ordinary
temperatures to form compounds possessing cementitious proper-
ties.” Pozzolans can be added to cement during the production
process or mixed directly into concrete.

Turkey is rich in natural pozzolan sources �Çavdar and Yetgin
2004a; Türkmenoğlu and Tankut 2002�; almost one-third of the
total production there in recent years was “trass cement” TS
�1975�, which is a portland-pozzolan cement �Tokyay and Mun-
lafalioğlu 1997�. In most Mediterranean countries, the situation is
also the same �Türkmenoğlu and Tankut 2002�. Therefore, the
writers decided to investigate the properties of blended cements
containing different contents of natural pozzolan from one Turk-
ish deposit and to test their strength-development characteristics.

Previous studies �Canpolat et al. 2003; Çavdar and Yetgin
2004b� say that the harmful materials in cements such as CaO,
MgO, and SO3 can damage volume stability. The ratio of these
materials in cement mixtures should be kept under some values.
The amount of CaO is less than 2% �by mass� and the ratio of
MgO is less than 5% �by mass�, and furthermore, it is known that
addition of natural pozzolan materials decreased the amount of
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“harmful materials” by reaction with them, depending on the fine-
ness, of the natural pozzolan.

In addition, thanks to their abilities to divide easily, natural
pozzolans can fill the micropores in the cement matrix and in-
crease the durability of cements significantly by changing the
framework of the matrix �Sabir et al. 2001; Shannag 2000; Pan et
al. 2003�. Natural pozzolans also have lubricant effects on cement
mortar or concrete because of their fine grain size; they improve
the consistency and thus the workability conditions of the con-
crete �Pan et al. 2003�. However, besides this, natural pozzolans
can be expected to increase the water requirement a little, since
they increase the total cement surface �Vu et al. 2001�.

Studies also state that in mortars and concretes, where portland
cement and natural pozzolan are applied together as a mixture,
setting times depend on the replacement amount, fineness, and
reactivity of pozzolan compared with portland cement
�Taşdemir 2003; Erdoğdu et al. 2001; Öner et al. 2003�.

The object of this study is to examine the effects of the change
in pozzolan content upon the compressive strength, workability,
setting times, and soundness properties of cement containing poz-
zolan. For this aim, cements including five different amounts of
pozzolan were prepared by fixing a natural pozzolan type as
constant while related experiments were tested. In addition, the
natural pozzolan sample taken from Macka �Trabzon/Turkey� was
investigated for its ability to be used in the cement industry.

Materials and Experimental Method

Natural Pozzolan

The natural pozzolan used in the experiments is taken from the
Macka/Trabzon district �in northeast Turkey�. Mineralogical and
petrographical properties of the natural pozzolan samples were
identified under the polarizing microscope by using their thin sec-
tions �Fig. 1�, and X-ray powder diffraction �XRD� analysis of the
powdered bulk samples was carried out �Fig. 2�. A major element
analysis of the samples comprising SiO2, TiO2, A12O3, Fe2O3,
MgO, CaO, Na2O, and K2O was carried out by means of wet

chemical analysis �Table 1�. The pozzolanic activity �Table 2�,
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that is, the behavior of pozzolan in mortar, was determined ac-
cording to the Turkish standards; TS 25 �similar to ASTM C 311�.

Previous studies �Çavdar and Yetgin 2004a� say that high SiO2

content of natural pozzolan implies high pozzolanic activity
�strength�. High SiO2 content can be seen in Table 1, especially
from quartz �Figs. 1 and 2�. Besides, there are clay group miner-
als �Figs. 1 and 2� and a little zeolitization �Fig. 2� in the natural
pozzolan sample.

Cement Samples

For this study, five different types of cement mixtures containing
different amounts of natural pozzolan were designed, and also one

Table 1. Chemical Properties and Mineralogy of Natural Pozzolan

SiO2 Al2O3 Fe2O3 CaO

Natural pozzolan 70.89 9.08 2.96 5.40

Table 2. TS 25 Requirements and Mechanic Properties of Natural Pozzo

SiO2 � Al2O3�
Fe2O3 �%� MgO �%� SO3 �%�

L

TS 25 �70.00 �5.00 �3.00

Natural pozzolan 82.93 0.62 —

Fig. 1. Thin section of natural pozzolan

Fig. 2. XRD of natural pozzolan
814 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / NOVEM
sample, NP00, was produced without natural pozzolan to com-
pare. Mixing proportions of these mixtures are 97:0:3 �NP00�,
87:10:3 �NP10�, 77:20:3 �NP20�, 72:25:3 �NP25�, 67:30:3
�NP30�, and 62:35:3 �NP35� for clinker:natural pozzolan:gypsum.
These cements are in the portland pozzolan cement class �CEM
II/A-P, CEM II/B-P� with their natural pozzolan amounts accord-
ing to EN 197, except for sample NP00, CEM I.

Each mixture was prepared by grinding it together for 90 min.
Since only the effect of the natural pozzolan ratio on the cement
property is investigated in this study, natural pozzolan fineness
should be kept fixed. However, especially due to the difference in
the natural pozzolan ratios, it was not possible to keep the fine-
ness of cement samples constant �Table 3�. As also mentioned in
the previous studies �Çavdar and Yetgin 2004b; Pan et al. 2003;
Taşdemir 2003; Czernin 1962�, it is known that the fineness has
an effect on strength, volume change, and setting times of
cements.

Such an explanation can be made for this subject: Natural
pozzolan and clinkers have different grinding properties. Actually,
it can be clearly observed and indicated in the sources that natural
pozzolan can be more finely grained ��6,000 cm2/g� than clin-
ker. Therefore, as the ratio of natural pozzolan present in the
cement increased, natural pozzolan became the dominant factor
determining the fineness of the cement, and therefore the main
factor affecting the tests’ results was the natural pozzolan amount
rather than the cement fineness.

The physical properties �Table 3� of chemical compounds
�Table 4� of the cement samples containing the mentioned amount
of natural pozzolan were determined, and these properties were
presented with tables. As seen from Table 3, as the natural poz-
zolan amount increased, especially, the CaO component’s content
dropped significantly and therefore the free CaO amount de-
creased. Thus, concrete that is more durable may be obtained. In
addition, SiO2 and Al2O3 content also increased, but Fe2O3 con-
tent decreased. Besides, as seen from Table 4, as natural pozzolan
ratio increases, specific surface also increases.

The mechanical tests were conducted according to the sug-
gested principles in EN 196. The “test mortar” consists of 450 g
of the cement mixture, 1,350 g of graded standard sand, and
225 g of water, and consequently the water/cement ratio is 0.50.
After the molding process, the molds �with the mortars in them�
were placed in the moist room at 23±1.7°C for 20 to 24 h and

MgO SO3 LOI Na2O K2O Total

0.62 — 7.23 1.11 1.92 99.21

ignition
�

7th day flexural strength
�MPa�

7th day compressive strength
�MPa�

0.00 �1.00 �4.00

23 4.45 11.00

Table 3. Physical Properties

NP00 NP10 NP20 NP25 NP30 NP35

Specific gravity �g/cm3� 3.12 3.10 3.03 3.06 3.05 2.86

Remain 90� sieve �%� 0.20 0.20 0.20 0.30 0.20 0.20

Remain 200� sieve �%� 4.80 4.70 4.70 4.50 4.30 5.00

Specific surface �cm2/g� 2,880 3,596 3,770 4,103 4,310 4,392
lan

oss on
�%

�1
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removed at the end of this period, and the mortar cube specimens
were stored in water until the day of testing. Compressive
strength tests on the mortar cubes were conducted at either 1, 7,
28 days. Six specimens were tested �Table 5� for each type of
mixture at each testing age according to the Rilem-Cembureau
method in EN 196. In addition, their setting times �Table 6� and
volume expansion �according to the Le Chatelier soundness test�
values �Table 6� were determined, and these values were pre-
sented in tables and graphics. For setting times, a Vicat apparatus
was used in EN 196. Besides, the water demand to obtain the
standard consistencies indicated in EN 196 is also given in
Table 6.

Results

Availability of Natural Pozzolan Sample in Cement
Industry

Both chemical and mechanical properties show that the natural
pozzolan is taken from Trabzon �in northeast Turkey�, appropriate
for the related standard TS 25 �Table 2�. Therefore, this sample
can be used as natural pozzolan in the mixtures and cement in-
dustry.

Effects of Natural Pozzolan Addition Ratio
on Compressive Strength

Pozzolans react with Ca�OH�2, which is one product of hydration
of clinker in cement. Therefore, after cement is mixed with water,
during the collection time of Ca�OH�2 it has a diluting effect on
portland cement. However, as Ca�OH�2 is being gathered in the

Table 4. Chemical Analysis

Mass ratio
�by mass, %� NP00 NP10 NP20 NP25 NP30 NP35

Insoluble SiO2 — 8.42 15.20 17.12 28.64 28.53

Total SiO2 21.49 26.51 30.33 31.68 38.31 38.84

Total Al2O3 2.18 4.65 5.23 5.49 6.03 6.27

Total Fe2O3 7.27 3.76 3.81 3.81 3.81 3.85

Total CaO 64.26 58.29 52.15 52.12 44.13 43.40

Total MgO 1.11 0.84 1.84 1.20 1.14 1.26

Total SO3 1.78 1.78 1.86 1.54 1.27 1.35

Loss on ignition 0.72 1.23 1.89 1.94 2.85 2.92

Na2O 0.20 1.27 1.22 0.41 1.24 0.67

K2O 0.75 0.96 0.96 1.01 1.18 1.18

Total 99.76 99.29 99.29 99.20 99.96 99.74

Cl− — 0.014 0.028 0.035 0.039 —

CO2 — 0.76 1.03 1.13 1.57 1.61

Table 5. Compressive Strengths �MPa�

Samples 1st day 2nd day 7th day 28th day

NP00 12.0 21.3 40.1 60.8

NP10 9.9 18.1 36.1 55.2

NP20 7.4 13.2 30.5 49.6

NP25 6.5 11.9 27.2 45.6

NP30 5.9 11.3 23.4 41.7

NP35 5.3 10.8 22.0 37.8
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medium, the influences that increase the strength of pozzolan start
to emerge, and therefore a fall in the early strength of concrete is
expected with pozzolan usage.

As a result, concretes, including pozzolan-blended cement
need water to cure for a longer time as compared to concretes,
including only portland cement of the same fineness. As can be
understood from this, only the ultimate strength of concretes pro-
duced with pozzolan-blended cement is expected to reach and
even pass the strength of comparison samples prepared with port-
land cement �Erdoğdu et al. 2001�.

Experiments were performed on cement mortars prepared with
NP00, NP10, NP20, NP25, NP30, and NP35, and the results ob-
tained from these tests are presented with the help of a table
�Table 5�. As seen from the compression tests �Table 5�, as the
natural pozzolan ratio increases, early strength decreases. As a
matter of fact, that the ages of the samples were restricted to 28
days may mean that the natural pozzolan in cement mixtures had
not yet hydrated completely. The studies performed show that
cements including highly ground pozzolan may cause a decrease
in the compressive strength because the grinded clinker grains
move away from each other �Targan et al. 2003�. However, after
a longer period, as the pozzolan grains start to react, it can be seen
that this strength difference will decrease, and therefore the de-
gree of filling the microgaps of natural pozzolan turns out to be
another parameter affecting strength.

At the end of 28 days, cement mortars produced with NP00
exhibit 38% better strength when compared to mortar produced
by cement containing 35% natural pozzolan by mass �NP35�. In
addition, this difference is 56% on the first day, 49% on the sec-
ond day, and 45% on the seventh day. This situation shows that
strength-gaining speeds of pozzolan-blended cement samples are
less than the speeds of portland cement samples �NP00�. How-
ever, the first signs that this difference can be overcome are seen,
especially as it is known that concretes produced with pozzolan-
blended cements need more cure to increase their strength gaining
speeds �Kern 1985�.

One other result obtained from the compression tests is that
although the natural pozzolan amount is raised about 35% �by
mass�, the cement mortar provides the minimum mechanical
properties desired in EN 196 confidently �32.5 MPa�. Actually,
NP35 that has 35% natural pozzolan by mass shows compressive
strength of about 38.0 MPa. This situation indicates that natural
pozzolans can be used in high amounts in cement production,
especially if they are mixed with high characteristic-strength ce-

Table 6. Setting Times, Workability, and Le Chatelier Soundness

Cement

Setting times Water demand
for normal
consistency

�by mass, %�
Soundness

�mm�
Initial
�min�

Final
�min�

NP00 115 185 28.00 3.00

NP10 125 190 28.00 3.00

NP20 145 185 31.00 2.00

NP25 125 205 29.00 2.00

NP30 135 195 29.25 1.00

NP35 120 210 31.75 1.00
ments. Thus, this method provides both durability and strength.
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Effects of Natural Pozzolan Addition Ratio
on Workability

As the natural pozzolan addition ratio increased, water demand to
obtain the same consistency and workability increases �Table 6�
by 13% for a 35% natural pozzolan addition. The reason for this
is that the rate of increase of water demand is not as high as the
natural pozzolan addition ratio can be, so that natural pozzolan is
finely divided and has a lubricant effect on concrete.

Effects of Natural Pozzolan Addition Ratio on Setting
Times

Setting properties of cement matrix were affected by the natural
pozzolan ratio substituted for cement �Table 6�. Experimental re-
sults show a proportional delay in the initial set time, depending
on the natural pozzolan addition ratio. However, this proportional
delay has occurred more clearly at the final set time, which obvi-
ously shows that the samples that the natural pozzolan used de-
crease the hydration speed with setting delay and by decreasing
hydration heat, which also implies that they can be effective
against the shrinking danger. However, some studies relate this
delay in setting times to the increase in the water/cement ratio
�Çolak 2002�.

Effects of Natural Pozzolan Addition Ratio on Volume
Expansion

As mentioned previously, CaO and MgO compounds that exist
freely in cement may create a swelling effect, and therefore their
presence should be limited. Since the free lime ratio will decrease
as the natural pozzolan addition ratio increases, a decrease in the
soundness can be expected. Results of the experiments made to
see these effects are shown in Table 6.

According to the experimental results, soundness decreases as
the natural pozzolan addition ratio increases. The volume expan-
sions �changes� of NP30 or samples having higher amounts of
natural pozzolan show a drop of two-thirds compared to NP00,
which shows that natural pozzolan samples can make an impor-
tant contribution to concrete durability.

Conclusions

According to the conclusions drawn from this study, in the early
days, although the cements containing natural pozzolan show less
compressive strength in comparison with portland cement
�NP00�, this strength difference decreases gradually in the follow-
ing days. Especially in applications where the durability of con-
crete or cement paste is more important than strength, the
durability properties can be provided without reducing the mini-
mum strength desired by related standards �32.5 MPa�, by adding
a relatively high amount of natural pozzolan to the cement
�NP00� having high characteristic strength �Table 5�. Actually, in
the study where this method was applied, the cement with
37.8 MPa average strength and 32.5 MPa characteristic strength
could have been obtained from the cement having 60.8 MPa av-
erage strength and 52.5 MPa characteristic strength by adding
35% natural pozzolan by mass. Of course these types of
pozzolan-blended cements also can be used in ordinary construc-
tion work, but the strength-gaining period should be taken into
consideration.

On the other hand, as the natural pozzolan addition ratio in-
crease, workability conditions improve and water requirement for
816 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / NOVEM
obtaining the same consistency increase only relatively. In addi-
tion, with the increase of natural pozzolan ratio, probably because
the heat evolution is slow, a notable delay ��20 min� at initial
and final setting times and a two-thirds decrease in the volume
expansion rate of the cement matrix were seen. This is important
evidence that natural pozzolans can make an important contribu-
tion to the durability of the concrete.

Acknowledgments

This study is supported by Karadeniz Technical University
�Project No. 2002 118.001.1�. Thanks are given to the Trabzon
Cement Factory for laboratory possibilities.

References

Canpolat, F., Yilmaz, K., Köse, M., Sümer, M., and Yurdusev, M. �2003�.
“Use of zeolite, coal bottom ash and fly ash as replacement materials
in cement production.” Cem. Concr. Res., 2324, 1–5.

Çavdar, A., and Yetgin, Ş. �2004a�. “Trabzon yöresi tüflerinin çimentoda
tras olarak kullanilabilirliği, bazi kimyasal ve mekanik ilişkiler.” 6th
Int. Conf. on Advances in Civil Engineering, Bogazici Univ., Istanbul,
Turkey, 947–955.

Çavdar, A., and Yetgin, S. �2004b�. “Tane İnceliğinin Trasli Çimento
Özelliklerine Etkisi.” Türkiye İnşaat Mühendisliği, 17, Teknik Kon-
gresi �CD-ROM�, Turkish Chamber of Civil Engineers, Istanbul, Tur-
key, 451–454.

Çolak, A., �2002�. “The long-term durability performance of gypsum-
portland cement—Natural pozzolan blends.” Cem. Concr. Res., 32,
109–115.

Czernin, W. �1962�. Cement chemistry and physics for civil engineers,
Crosby Lockwood & Sons, London, 49–52.

Erdoğdu, K., Tokyay, M., and Türker, P. �2001�. “Traslar ve trasli çimen-
tolar.” TCMA, Ankara, Turkey, 9–15.

Kern, E. �1985�. “Folgerungen aus der betontechnischen Entwicklung der
letzten 25 Jahre für die Baustelle.” Beton-und Stahlbetonbau, 12,
320–324.

Öner, M., Erdoğdu, K., and Günlü, A. �2003�. “Effect of components
fineness on strength of blast furnace slag cement.” Cem. Concr. Res.,
33, 463–469.

Pan, S., Tseng, D., Lee, C. C., and Lee, C. �2003�. “Influence of the
fineness of sewage sludge ash on the mortar properties.” Cem. Concr.
Res., 33, 1749–1754.

Sabir, B., Wild, S., and Bai, J. �2001�. “Metacaolin and calcined clays as
pozzolan for concrete: A review.” Cem. Concr. Compos., 23, 441–
454.

Shannag, M. �2000�. “High strength concrete containing natural pozzolan
and silica fume.” Cem. Concr. Compos., 22, 399–406.

Targan, Ş., Olgun, A., Erdoğan, Y., and Sevinç, V. �2003�. “Influence of
natural pozzolan, colemanite ore waste, bottom ash and fly ash on the
properties of portland cement.” Cem. Concr. Res., 33, 1175–1182.

Taşdemir, C. �2003�. “Combined effects of mineral admixtures and curing
conditions on the sorptivity coefficient of concrete.” Cem. Concr.
Res., 33, 1637–1642.

Tokyay, M., and Munlafalioğlu, I. �1997�. “Evaluation of 1996 quality
control data of Turkish portland-pozzolan cements.” Int. Symp. on
Mineral Admixtures in Cement, Vol. 1, TCMA, Istanbul, Turkey, 37–
44.

Turkish Standards �TS�. �1975�. Trass (TS 25), Ankara, Turkey.
Türkmenoğlu, A. G., and Tankut, A. �2002�. “Use of tuffs from central

Turkey as admixture in pozzolanic cements assessment of their petro-
graphical properties.” Cem. Concr. Res., 32, 629–637.

Vu, D., Stroeven, P., and Bui, V. �2001�. “Strength and durability aspects
of calcined caolin-blended portland cement mortar and concrete.”
Cem. Concr. Compos., 23, 471–478.
BER/DECEMBER 2006


