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This paper presents preliminary study results on the use of local natural pozzolan
(NP) as a mineral addition. The natural pozzolan was obtained from a source in
north-western Algeria and was composed of zeolite and plagioclase, which are min-
eralogical materials containing large quantities of SiO2 and Al2O3. A number of
cements were prepared in which portland cement (OPC) was replaced by NP in the
range of 0–25%. The parameters investigated included pozzolanic activity, setting
times, heat of hydration, compressive strength, and the crystalline hydration products
(by XRD).The pozzolanic activity index was evaluated on the basis of physical and
mechanical parameters (standards ASTM C618 and ASTM C311) and through a
chemical analysis (European standard NF EN 196-5). The performance of natural
pozzolan cement exposed to aggressive solutions (sulphuric and nitric acids) and
their resistance to chloride permeability were also analysed.

Cet article présente des résultats d’études préliminaires sur l’utilisation d’une
pouzzolane naturelle locale (NP) comme addition minérale. Cette Pouzzolane
naturelle provient de la region nord-Ouest d’Algérie. Elle est composée de zeolite et
plagioclase qui sont des matériaux minéralogiques contenant de grandes quantités de
SiO2 et Al2O3. Des mortiers ont été préparés dans lesquels le ciment Portland (OPC)
est remplacé par la pouzzolane naturelle dans des proportions variants de
0 - 25%. Les paramètres recherchés sont l’activité pouzzolanique, le temps de prise,
la chaleur d’hydratation, les proprieties mécaniques. L’indice de l’activité pouzzola-
nique a été évalué sur la base des paramètres physiques et mécaniques (normes
ASTM C618 et ASTM C311) et par une analyse chimique (norme européenne NF
EN 196-5). La performance de ces mortiers exposés à des solutions agressives
(acides sulfuriques et nitriques) et leur résistance à la perméabilité des chlorures fur-
ent aussi analysées.
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1. Introduction

Concrete technology has made major advances in recent times. The most outstanding
changes are centred on the development of new chemical admixtures to modify fresh
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and hardened concrete properties and of supplementary cementitious materials (SCMs)
or mineral additions to support and/or complement Portland cement (Al-Amoudi,
Maslehuddin, Shameem, & Ibrahim, 2007; Perraki, Kontori, Tsivilis, & Kakali, 2010).
SCMs come from several sources and have different effects on fresh and hardened con-
crete properties. The most common SCMs used at present are silica fume (a byproduct
of the ferrous-silica alloy industry); granulated blast furnace slag (a byproduct of steel
fabrication) and fly ash (a byproduct from coal-fired power stations). Besides artificial
sources of SCMs, there are some natural sources such as clays (metakaolin) and natural
volcanic pozzolans, which are readily available in Europe and the Mediterranean region
and are commonly used in some of these countries (Sabir, Wild, & Bai, 2001). The
beneficial effects of incorporating these materials in concrete are widely discussed in
the literature (Guneyisi, Ozturan, & Gesoglu, 2002; Khan & Alhozaimy, 2011;
Ozyildirım and Halstead, 1994; Rosell-Lam, Villar-Cocia, & Frias, 2011; Uzal, Turanlı,
Yücel, Göncüoğlu, & Çulfaz, 2010).

It is generally accepted that volcanic pozzolans need less energy for their grinding
than clinker and the use of pozzolanic materials in cement or concrete systems results
in many beneficial properties, such as low heat of hydration, high ultimate strength, low
permeability, high sulphate resistance, and low alkali-silica activity (Ghrici, Kenai,
Said-Mansour, & Kadri, 2006; Khan & Alhozaimy, 2011). In addition, it is known that
the use of pozzolanic and cementitious materials in large quantities is very important to
ensure that the cement and concrete industries are sustainable, not only in terms of
energy efficiency and environment considerations, but also with respect to the durability
and life-cycle cost of the resulting concrete structures (ACI Committee., 1988; Binici &
Aksogan, 2006).

On the other hand, it is important to note that the effects of pozzolanic materials on
the resistance of concrete and mortar to chloride ion penetration and acidic attack have
been carefully studied. For instance, Durning and Hicks (1991) and Mehta (1985)
reported that the incorporation of silica fume increased the resistance of concrete to 1%
sulphuric acid attack because of the reduced calcium hydroxide content and lower per-
meability. Other research (Uzal, Turanli, & Kumar Mehta, 2007) that considered natural
pozzolans, fly ashes and granulated blast furnace slag as SCMs concluded that such
SCMs contributed to a reduction in chloride ion permeability, especially at 90 days of
age. Chloride ion permeability at 90 days of age in SCM mixtures was between 6 and
14% compared to a mixture with no SCM content.

Natural pozzolan (NP) is found abundantly in extensive areas of the Beni-Saf
quarry in the north-west of Algeria (reserves exceeding 18 million tons) and is rarely
used in concrete because of the absence of a thorough study of its properties. Pozzo-
lan of Beni-Saf is a volcanic glass which has 45–50% silica and 15–20% alumina.
These properties make it a candidate for use, in finely ground form, as a pozzolan. A
comprehensive review of the studies on the use of NP as a partial pozzolanic replace-
ment for cement in concrete has been provided by Ghrici et al. (2006). These authors
also report that mortar incorporating NP can reach the same order of strength as refer-
ence plain mortar in the long term. In order to obtain further knowledge on the effi-
ciency of Algerian natural pozzolan, this paper presents the results of an experimental
programme developed to evaluate the performance of the natural pozzolan as a min-
eral addition in conventional pastes, mortars and concretes. Four types of cementitious
materials were produced with 0, 15, 20 and 25% NP (by mass) as cement replace-
ment. The fresh paste and mortar properties were evaluated with setting times and
adiabatic calorimetric tests. In the hardened state, compressive strength, rapid chloride
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permeability and resistance to sulphuric (5% H2SO4) and nitric (5% HNO3) acid
attacks were evaluated by using the appropriate ASTM methods. The rate of chloride
ion ingress into concrete was evaluated after 28 and 360 days. In general, the results
showed a different pozzolanic behaviour and several advantages of pozzolanic cement
over portland cement.

2. Material and mixtures used

The cement used was a local ordinary portland cement type (CEM I 42.5R), manufac-
tured by the Zahana Cement Company located in the west of Algeria. The cement
complied with the Algerian standard NA 442 (2003), which is mainly based on the
European EN 197-1. Its physical properties and chemical composition data are
presented in Table 1.

The supplementary cementitious material (SCM) used for this study was a natural
pozzolan (NP), extracted from deposits in North-West Algeria (Bouhamidi source situ-
ated about 100 km from Oran). After a drying at 105°C to eliminate free water, the
material was crushed to less than 80 μm, resulting in a specific surface area (Blaine) of
4300 cm2 g–1. Its chemical composition, as determined by X-ray fluorescence (XRF)
and the results of its physical analyses are given in Table 1.

The mineralogical composition of the natural pozzolan was determined by X-ray
diffraction and is presented in Figure 1. Furthermore, Figure 2 presents the grain size
distribution of the pozzolan as derived by the CILAS 1090 laser method. According to
the X-ray diffraction data, the pozzolan contains some crystalline minerals and a glassy
phase. Judging by the XRD peak intensities, the pozzolan is composed of:

Table 1. Chemical and physical properties of cement and NP.

Chemical composition (X-ray fluorescence) OPC NP

SiO2 (%) 21.35 47.21
Al2O3 (%) 63.89 18.85
Fe2O3 (%) 4.59 9.99
CaO (%) 5.52 10.84
MgO (%) 1.37 4.38
SO3 (%) 0.41 0.50
K2O (%) 2.72 0.20
Na2O (%) 0.13 0.81
LOI (%) 2.47 3.91

Mineralogical composition (Bogue calculation)
C2S (%) 25.69
C3S (%) 47.15
C3A (%) 2.84
C4AF (%) 16.7

Physical properties
Setting time (min) Initial set: 105

Final set: 225
Specific gravity (kg m–3) 3.10 2.62
Fineness (m2 kg–1) 325 430
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• prevalence of cordierite: 2MgO.2Al2O3.5SiO2 and zeolite (analcime: NaAlSi2O6.
H2O);

• feldspar (plagioclase including albite: NaAlSi3O8 and anorthite: CaO.Al2O3.SiO2);
• pyroxene (augite: (Mg,Fe)2.2 SiO6);
• cristobalite: SiO2; and
• illite: (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)].
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Figure 1. X-ray diffraction by the natural pozzolan.
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Figure 2. Particle size distribution of natural pozzolan
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The microstructure was studied using SEM coupled with EDX micro analysis.
Micro analysis data were collected by means of a conventional JEOL-JSM-6400
scanning microscope using an accelerating voltage of 20 kV and a working distance of
39 mm. All the initial products were observed before crushing (Figure 3). The SEM
micrographs show the complex microstructure of the natural pozzolan.

X-ray elemental spectra of natural pozzolan obtained from an energy-dispersive
X-ray spectrometer in a scanning electron microscope showed the presence of silica
(Si), alumina (Al), sodium (Na), magnesium (Mg), iron (Fe) and calcium (Ca).
Microanalysis by EDX confirmed the observations of the analysis by diffraction.

Figure 3. Micrograph of natural pozzolan.
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Local, well-graded, crushed calcareous sand obtained from a quarry in Kristel
(Oran) was used. Its physical proprieties were as follows: relative density 2650 kg m–3;
water absorption 1.5%; bulk density 1500 kg m–3; and maximum grain size 3 mm.

The experimental study was carried out on mortars and concretes. Four different
mixtures were employed: one specimen made with portland cement (control) and three
mixtures with 15%, 20% and 25% replacement of cement (by weight) by NP. These
specimens were labelled NP15, NP20 and NP25, respectively, and the reference speci-
men was labelled OPC.

The mortars were prepared according to European Standard NF EN (NF EN: the
French version of the European Standard, NF: Norme Française (in French)) 196-1 (NF
EN, 2006a). The water to binder (w/b) ratio of all mixtures was maintained constant at
0.5 and superplasticiser was added to improve workability. The binder consisted of
cement and natural pozzolan. All replacements were made per mass of cement.

The concrete mixtures were used only for the rapid chloride penetration test
(RCPT). For the mixture, two grades of crushed calcareous aggregates were used: 3/8
and 8/15 mm gravel, having a density of 2650 kg m–3, and a 0/3 mm natural sand
having a fineness modulus of 1.87 and a density of 2670 kg m–3. Four concrete
mixtures were designed, all having a total binder content of 350 kg m–3. The concrete
mixture proportions used in the laboratory tests were determined by the Dreux–Gorisse
method. Table 2 reports the weight ratios of the various components employed for
manufacturing the concretes. The superplasticiser dosage was determined by the need
for a consistency of concrete corresponding to a slump of 70 ± 10 mm.

3. Experimental programme

3.1. Methods for evaluating natural pozzolan

Pozzolanic activity cannot be determined just by quantifying the presence of silica, alu-
mina and iron. The amount of amorphous material usually determines the reactivity of
a pozzolanic addition. The constituents of a pozzolanic addition can exist in various
forms, ranging from amorphous reactive materials to crystalline products that react
either slowly or not at all. Because the amount of amorphous materials cannot be deter-
mined by standard techniques, it is important to evaluate each pozzolanic addition to
confirm its degree of pozzolanic activity. In the present work, to carry out a qualitative
or quantitative determination of pozzolanic activity, three experimental methodologies
were used:

• conformance of the natural pozzolan to ASTM C 618 (2003);
• Frattini test; and
• X-ray diffraction.

Table 2. Mixture proportions of concretes.

Binder

Components of concretes

CEMI
(kg m–3)

NP
(kg m–3)

Gravel 3/8
(kg m–3)

Gravel 8/15
(kg m–3)

Sand
(kg m–3)

Water
(l m–3)

SF
(% binder)

OPC 350 — 210 845 727 140 0.9
NP15 297.5 52.5 210 845 727 140 1.1
NP20 280 70 210 845 727 140 1.2
NP25 262.5 87.5 210 845 727 140 1.3
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3.1.1. Conformance of the natural pozzolan to ASTM C 618

A natural pozzolan used as a mineral addition in portland cement must meet certain
chemical and physical requirements. For instance, ASTM C 618 (ASTM, 2003) Class
N additions must have a minimum SiO2 + Al2O3 + Fe2O3 content of 70% and the max-
imum loss on ignition is limited to 10%. The importance of the (SiO2 + Al2O3) content
is emphasised by the fact that the active vitreous phases are generally richer in silica
and alumina. The Algerian natural pozzolan showed a strong acidic character, having
an (SiO2 + Al2O3) content ranging around 66% of the total. The pozzolanic activity of
a natural pozzolan or fly ash is determined by finding its strength activity index, which
is the ratio of the compressive strength of mortar cube test specimens prepared with a
20% pozzolan–80% PC mixture to that of control specimens prepared with 100% PC
according to ASTM C 311 (ASTM, 1994). The tests on the mortar cubes may be con-
ducted at 7 days or 28 days or both. The strength activity index is calculated as in
Equation (1):

Strength activity index ðSAIÞ ¼ ðA=BÞ � 100 ð1Þ

where A is average compressive strength of test mixture cubes, and B is average com-
pressive strength of control mixture cubes.

ASTM C618 (ASTM, 2003) specifies that the test specimen must have a minimum
of 75% of the strength of the control (SAI > 75).

3.1.2. Frattini test

In this method, according to NF EN 196-5 (NF EN, 2006c), test samples consist of
cement and natural pozzolan mixed with distilled water. After preparation, samples are
left for 8 days in a sealed plastic bottle in an oven at 40°C. It should be noted that the
number of days in the oven can be increased depending on the pozzolans. After the
above mentioned times, samples are vacuum filtered through a 2.7 μm nominal pore
size filter paper and allowed to cool to ambient temperature in sealed Buchner funnels.
The filtrate is analysed for [OH–] by titration against dilute HCl with a methyl orange
indicator, and for [Ca2+] by pH adjustment to 12.5, followed by titration with a 0.03
mol l–1 EDTA solution using the Patton and Reeder indicator. If the pozzolan does not
show pozzolanic activity, the time of the test should be extended by 15 days.

Results are presented as a graph of [Ca2+], expressed as equivalent CaO in mmol l–1

versus [OH–] in mmol l–1. As shown in section 4.1.2, in the diagram for assessing pozzo-
lanicity (a plot of CaO versus OH), a single predefined curve separates pozzolanic and
non-pozzolanic areas. Test results lying below this curve indicate removal of Ca2+ from
the solution, which is attributed to pozzolanic activity. Results lying on or above the line
indicate zero pozzolanic activity.

3.1.3. X-ray diffraction (XRD)

XRD observations on mortar samples with or without NP were carried out to identify
the change in the amount of crystalline phases after 360 days of curing. The XRD pow-
der pattern was recorded on a Siemens D-5000 X-ray diffractometer, with Kα cobalt
anticathode (λ = 1.789 Å), at a current of 40 mA and voltage of 40 kV. Recording was
carried out in the range 4° < 2 Theta < 55° with a 0.04° step and an acquisition time of
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2 s per step. The observed phases were indexed by comparison with the distances
indicated in the ICDD (International Centre for Diffraction Data) guidelines.

3.2. Setting times and heat evolution of mortar

Distilled water was used in the preparation of paste samples. The water requirement
and the initial and final setting times were determined according to European Standard
NF EN196-3 (NF EN, 2006b) by using the Vicat probe and Vicat needle apparatus
(VICAMATIC® L27, Controls Testing Equipment Ltd in the UK). The tests of penetra-
tion were carried out every 5 min. Hydration heat tests were applied according to stan-
dard NF EN 196-9 (NF EN, 2004a). The method is based on the Langavant
calorimeter. This semi-adiabatic method consists of quantifying the heat generated dur-
ing cement hydration using a Dewar flask or, more exactly, a thermally isolated bottle.
Since the exterior conditions are very influential, the test is carried out in an air-condi-
tioned room at 20 ± 2°C. The measurements were made for a period of 120 h (5 days),
as the heat increase was observed to be very low at later times and also because the rel-
ative error of the measurement increased beyond that time. Using a quasi-adiabatic calo-
rimeter, the variation of the temperature of the mortar with time was measured
immediately after mixing. For each mixture, the heat flow was determined together with
the temperature evolution of the mortar. The hydration heat of the mortar was the com-
bination of the heat accumulated in the calorimeter and the heat dispersed in the envi-
ronment. The temperature rise of the mortar containing NP was compared with that of
the control mortar.

3.3. Compressive strength

Prismatic mortar specimens 40 × 40 × 160 mm3 were used for the study of compressive
strength. Specimens were cast in steel moulds and kept in a moist room at 20 ± 2°C
for 24 h. Demoulding took place after 24 h and specimens were placed in water satu-
rated with lime at 20 ± 2°C for a total curing period of 360 days. Each compressive
strength value was calculated as the average of the results from three specimens.
Compressive strength was determined at 2, 7, 28, 90 and 360 days according to NF EN
196-1 (NF EN, 2006a).

3.4. Rapid chloride ion permeability test (RCPT)

Cylindrical samples of 100 mm diameter and 200 mm height were prepared in accor-
dance with NF EN 206-1 (NF EN, 2004b). They were demoulded at the age of 24
hours. After being cured in water until the age of 27 and 359 days, the cylindrical sam-
ples were cut into 50-mm-thick slices and the 50-mm end slices were discarded. The
rapid chloride permeability test (RCPT) was performed as shown in Figure 4. The 100-
mm-diameter and 50-mm-thick epoxy-coated cylindrical specimens were conditioned
and tested at the ages of 28 and 180 days with the RCPT in accordance with the
method described in ASTM C1202 (ASTM, 1997). Three specimens were subjected to
60-V potential for 6 h (Figure 4). The total charge that passed through the concrete
specimens was determined and used to evaluate the chloride permeability of each con-
crete mixture.
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3.5. Acid attack

The resistance to acid attack was determined in accordance with ASTM C267 (ASTM,
2001). The mortar specimens (50 × 50 × 50 mm3) were cured in water at 20 ± 2°C for
27 days before being subjected to acid attack. Three specimens of each mortar mixture
were immersed either in 5% sulphuric acid (H2SO4) or in 5% nitric acid (HNO3). After
being subjected to acid attack, the mortar specimens were cleaned with deionised water
and then the acid attack was evaluated by measuring the weight loss of the specimens,
determined as follows:

weight loss ð%Þ ¼ ðW1 �W2Þ=W1 � 100 ð2Þ

where W1: is the weight of the specimen before immersion and W2: is the weight of
the cleaned specimen after immersion. The solution was renewed every 7 days and the
weight loss of the specimens measured.

4. Results and discussion

4.1. Evaluation of natural pozzolan

4.1.1. ASTM C 618 (2003) requirements

Both its chemical and mechanical properties (Table 3) show that the natural pozzolan
from Beni-Saf quarry in North-West Algeria complies with the relevant standard,
ASTM C 618 (ASTM, 2003). It can be seen that the total silicon, aluminium and iron
oxide content is 76.05%, which is higher than the minimum requirement prescribed in
ASTM C 618 (ASTM, 2003) for Class N. Sulphur trioxide, alkalis and loss on ignition
are much lower than the upper limit of the ASTM standard. Therefore, this volcanic
scoria has, like other pozzolanic materials such as fly ash and silica fume, the potential
to be used as an additive to portland cement for the manufacture of blended cement.

Figure 4. The rapid chloride penetration test (RCPT).
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The natural pozzolan of Beni-Saf is comparable with the natural pozzolan of Saudi
Arabia (basalt plateaux of Harrat), which has SiO2 + Al2O3 + Fe2O3 in the range from
73.19 to 74.83% and for which the strength activity index results at 7 and 28 days have
been reported to be 77% and 78% (Khan & Alhozaimy, 2011).

4.1.2. Frattini test

In this method, in accordance with NF EN 196-5 (NF EN, 2006c), 20 g of test samples
were prepared with 80% portland cement and 20% natural pozzolan, mixed with 100

Table 3. Test report comparing ‘NP’ with the requirements of ASTM C618 Class-N (ASTM,
2003).

ASTM C 618 (2003) requirements Class N
Natural
pozzolan

Chemical
requirements (%)

SiO2+Al2O3+Fe2O3 min.
70.0

76.05

Sulphur trioxide (SO3) max.
4.0

0.5

Moisture content max.
3.0

1.55

Loss on ignition (LOI) max.
10.0

3.91

Physical requirements
(%)

Amount retained when wet-sieved
on 45 μm sieve

max. 34 8

Strength activity index at 7 days
as percentage of control

min. 75 80.6

Strength activity index at 28 days as percentage
of control

min. 75 82.5
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Figure 5. Diagram for determining pozzolanicity according to standard NF EN 196-5 (NF EN
2006c).
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ml of distilled water. The result of the Frattini test, performed on the basis of NF EN
196-5, is shown in Figure 5 for 8 days sealed in a plastic bottle in an oven at 40°C.
According to this test, Algerian volcanic pozzolan showed suitable pozzolanic activity.

4.1.3. XRD analysis of the hardened cement pastes

The mineralogical composition of the mortars after 360 days of hydration was analysed
by means of the XRD method. Diffraction patterns of the sample without natural pozzo-
lan (OPC) and of samples containing NP confirmed the presence of the same phases
after 360 days of hydration. The compounds found are shown in Figure 6. The only dif-
ference between the diffraction pattern of the reference mortar and mortars with addition
of NP was the increase of the diffraction peak intensity which arose from compounds
that were already present in the NP mortar, such as portlandite (21.14°, 33.50°, and
39.85° 2Ө), ettringite and calcite in all samples. The diffractogram shows a more
intense peak around 2Ө = 34° attributed to calcite (CaCO3). This is a constituent of the
sand used in the composites. Ettringite was apparent in all composite cement systems.
The peak of ettringite was therefore due to the primary ettringite formed at the setting
time of the cement. The patterns confirmed the decrease in Ca(OH)2 content when the
NP content was increased in the blended cements, indicating the strong pozzolanic
behaviour of Algerian natural pozzolan at such different replacement levels. This was
more obvious in the NP25 mortar, being consistent with previous reports (Ghrici et al.,
2006).

4.2. Effects of natural pozzolan addition ratio on setting times

Cement setting time depends on factors such as fineness of the cement, mineral compo-
sition of the cement, amount of mixing water, mineral admixtures and additives used,
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Figure 6. X-ray diffraction pattern of the hardened pastes at 360 days of age. P: portlandite, E:
ettringite, C: calcite, G: gypsum, Q: quartz.
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curing temperature and relative humidity. In this research, most of these parameters
were maintained constant. The experimental results obtained (Table 4) show the effect
of the natural pozzolan content on the water demand (w/cm ratio) in pastes to achieve
normal consistency and setting times. All the initial setting times recorded were longer
than 45 min and all the final setting times were shorter than 420 min, values which rep-
resent the minimal and maximal times, respectively, required by the ASTM C1157
(ASTM 2000) standards (minimal initial setting time required by the NA 442 (2003)
standards: 60 min). From the results obtained, it can be observed that the increase of
the quantity or percentage of the natural pozzolan incorporated in the cement has a dou-
ble effect: it increases the quantity of water required for a normal consistency of the
cement paste and increases the setting times. It should also be noted that the progressive
addition of the pozzolan influences the water demand appreciably. This results in an
increase in the quantity of water according to the percentage of mineral addition used,
e.g. the workability increased by 7% for a 25% natural pozzolan addition (Table 4).
That may be due to the porosity of the natural pozzolan added. In the same way, it is
seen that setting times (initial and final) increase proportionally with the increase in the
quantity of NP. That can probably be explained by the reduction in the cement content
and the high water demand. This also means that the kinetics of hydration of the binder
becomes slower as the quantity of the pozzolanic addition increases. However, some
studies relate this delay in setting times to the decrease in the heat of hydration
evolution (Yetgin & Çavdar, 2006).

4.3. Evaluation of the hydration heat

Isothermal calorimetry also seems to be a good tool for determining the reaction degree.
The heat of hydration properties of the cement matrix were affected by the proportion
of natural pozzolan substituted for cement (Figures 7 and 8). Table 5 lists the highest
temperature attained, the reduction in this temperature compared to the control mortar,
and the time after casting of the mortar when the highest temperature was reached. The
control mortar with a cement content of 360 g had a highest temperature of 59.4°C,
reached after 17 h of mixing. For NP15, NP20 and NP25 mortars, the highest tempera-
tures reached were 54.1, 51.6 and 48.3°C, respectively. The relationship between the
temperature reached by the mortars containing natural pozzolan and the time after cast-
ing is shown in Figure 8.

Experiments showed that replacing 25% of portland cement with natural pozzolan
could reduce the heat of hydration to as low as 38% of normal after 5 days. This may
be due to the fact that the pozzolanic reaction is slower than C3S hydration.

This pozzolanic reaction with Ca(OH)2 occurs slowly because Ca(OH)2 has first to
be produced as a result of hydration of portland cement (OPC). However, the reaction
rate is similar to that of C2S. This behaviour of the NP is in agreement with the results

Table 4. Setting time and water demand of portland cement-NP pastes.

Samples ASTM C1157 requirements OPC NP15 NP20 NP25

Water demand (%) — 27.50 28.50 29.00 29.50
Initial set (min) minimum, 45 105 125 135 140
Final set (min) maximum, 420 225 225 230 245
Setting time (min) maximum, 375 120 100 95 105
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obtained by the authors of some previous works (Turanli, Uzal, & Bektas, 2005; Yetgin
& Çavdar, 2006). The initial argument for using natural pozzolan in concrete stemmed
from the fact that the more slowly reacting NP generated less heat per unit of time than
the hydration of the faster reacting portland cement. Thus, the temperature rise in large
masses of concrete (such as dams) could be significantly reduced if NP was substituted
for cement, since more of the heat could be dissipated as it developed. This is important
evidence that natural pozzolan can make an important contribution to the durability of
concrete.

4.4. Compressive strength

The development of the compressive strength with age for cement blended with differ-
ent levels of cement substitution is shown in Figure 9. In all cases, the strengths of the
mortars increased with age. Natural pozzolan induced compressive strength reductions
in mortar at all levels of replacement at 2, 7, 28, 90 and 360 days, except for 20% NP
replacement of OPC, which increased the compressive strength a little at 360 days.
However, reductions were 9, 11 and 17% due to 15, 20 and 25%, respectively, of NP
replacement of OPC at 90 days. Reductions due to NP replacement at early ages
increased with increases in NP level and decreased with curing time. Many researchers
have reported that adding pozzolanic material, such as silica fume and natural pozzolan,
slows down the appearance of the strength in the early curing period (Shannag, 2000;
Shannag & Yeginobali, 1995).

This could be explained by the slowness at room temperature of the pozzolanic
reactions of the glassy particles in the natural pozzolan with the Ca(OH)2 released dur-
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Figure 7. Effect of natural pozzolan replacement on the development of the total heat of
hydration.
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ing cement hydration. However, its pozzolanic reactivity could be improved or modified
by employing the appropriate activation and (or) treatment (Caijun, 2001). The optimi-
sation of the use of natural pozzolanic material is still under investigation and results
are expected to be published later. In addition, due to the continuation of this reaction
and the formation of a secondary C-S-H that enhances the paste–aggregate interface
and decreases the capillary porosity of the mortar, a greater degree of hydration is
achieved, resulting in strengths at 360 days of age which are comparable to those of
ordinary portland cement specimens.

Substituting high percentages of pozzolan for cement (more than 20%) leads to con-
siderable compressive strength reduction. This is in agreement with previous research
(Durning & Hicks, 1991), which reported that the use of NP beyond 20% replacement
resulted in a slight decrease in the compressive strength. This shows that pozzolan has
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Figure 8. Temperature reached by mortar versus time.

Table 5. Heat evolution of mortar.

Sample

Maximum
temperature

(°C)
Temperature
reduction (%)

Time after
casting of
highest

temperature
rise (h)

Maximum
heat of

hydration
(J g–1 h–1)

Total heat of
hydration
after 120
hours
(J g–1)

Reduction
of total
heat

after 120
hours (%)

OPC 59.4 — 17.0 63.6 430.2 0
NP15 54.1 9 17.5 54.9 382.7 11
NP20 51.6 13 18 52.6 357.1 17
NP25 48.3 19 17.0 46.8 271.3 37
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a negative effect on the compressive strength when used at high doses. In other words,
some of the substituted pozzolan cannot take part in the pozzolanic reaction with
cement hydration products and remains inactivated in the mixture, thus reducing its
resistance. So, from the point of view of compressive strength and regarding Figure 9,
it can be concluded that the 20% substitution rate is an optimal one and any additional
substitution will cause considerable reduction in compressive strength.

Figure 9. Relative strength for various binders.
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4.5. Rapid chloride ion permeability (RCTP)

The results of the rapid chloride ion permeability tests are shown in Figure 10. This
figure also shows the chloride permeability classification according to ASTM C1202
(ASTM 1997). In all cases, the chloride permeability of mixtures containing natural
pozzolan is lower than that of the reference mixture. In the period of 28 to 360 days of
age all concretes show a reduction in permeability; the chloride ion permeability factor
for plain concrete and concrete containing 25% of NP diminished from 4685 to 4005
coulombs and from 3140 to 1765 coulombs respectively. Thus, it can be concluded that,
with regard to RCPT, the NP can be effectively used as partial replacement for cement,
even up to 25%, in the production of durable concrete.

This may be related to the refined pore structure and the improved interfacial zone
of these concretes and their reduced electrical conductivity (Al-Amoudi, Maslehuddin,
Ibrahim, Shameem, & Al-Mehthel, 2011; Ozyıldırım & Halstead, 1994). Results
reported elsewhere (Al-Amoudi et al., 2011) have shown a reduction in the chloride ion
permeability with the addition of pozzolanic materials, with greater reductions obtained
at higher replacement levels and lower water/binder ratios. These results indicate the
beneficial effects of natural pozzolan, as a partial replacement for cement, in decreasing
chloride ion permeability. According to ASTM C1202 (ASTM 1997), when the charge
passed during a 6-hour period is between 1000 and 2000 C, the chloride ion permeabil-
ity is ‘Low’. This condition was satisfied only for specimens with 20 and 25% replace-
ment levels cured for 360 days.
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Figure 11. Weight loss of different mortar mixtures immersed in 5% HNO3.

92 Y. Senhadji et al.



4.6. Acid attack

Figures 11 and 12 show the test results of weight change versus time for mortar
specimens with and without NP exposed to 5% HNO3 or 5% H2SO4 solutions for 1,
14, 28 and 56 days. There was a permanent percentage loss in weight with time for
mortar blended with different levels of NP immersed in the different acid solutions.
Before 14 days, the degraded thicknesses were of the same order of magnitude, and the
differences between the four mortars were observed mainly after this age.

After this time of immersion, Figure 11 shows a variation in the rate of weight loss
between the modified mortars (NP15, NP20, NP25) and the unmodified one. So, after
56 days’ exposure to 5% nitric acid solution, all cement-matrix blended mortars cor-
roded in acid solution more slowly than the control specimen of plain cement mortar.
For the mortars containing 15%, 20% and 25% of pozzolan, the loss in weight was
lower than that of the corresponding OPC mortar by 13%, 22% and 15% respectively
(Figure 11). The chemical resistance to nitric acid attack of NP mortars could be attrib-
uted to the improvement in the bond between the hydrated cement matrix and the
aggregate. This is due to the conversion of calcium hydroxide, which tends to form on
the surface of aggregate particles, to calcium silicate hydrate (C-S-H). The effect of sul-
phuric acid on the mortar specimens is shown in Figure 12. Less deterioration was
noted in the case of mortar with 25% NP. The loss in weight of mortar containing natu-
ral pozzolan in comparison with control mortar showed that all batches of pozzolanic
mortar had lower mass loss than the control at the ages of 1, 14, 28 and 56 days. The
decrease of loss in weight of the mortar due to addition of natural pozzolan can be
attributed to the chemical properties and pozzolanic activity of the natural pozzolan of
Beni-Saf (Algeria). These results are in good agreement with other studies in the litera-
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ture showing the beneficial effect of NP addition on the resistance of cement paste to
leaching (Siad, Mesbah, Kamali Bernard, Khelafi, & Mouli, 2010; Uzal et al., 2007).

A visual inspection of specimens as shown in Figure 13 revealed the deterioration
of the samples, particularly for the mortars immersed in nitric acid. These mortars kept
their cubic forms more or less, but their dimensions decreased considerably. However,
by comparing the aggressiveness of sulphuric acid medium and nitric acid medium, we
conclude that, for the same concentration (5%), the overall degree of attack tended to
be more severe in nitric solution than sulphuric solutions.

5. Conclusion

The experimental programme was designed to assess the effect of incorporating local
natural pozzolan with ordinary portland cement on the properties of cement, mortar and
concrete. Natural pozzolan addition considerably influenced some characteristics of
cement. The following conclusions can be drawn based on the data obtained in this
study:

• Natural pozzolan from Beni-Saf satisfies the criteria for natural pozzolans (class
N), such as those of ASTM C618 (ASTM 2003), which requires minimum 7-day
and 28-day Strength Activity Indexes of 75% and a minimum sum of the three
main oxides (SiO2, Al2O3, Fe2O3). One other result obtained from the Frattini
test (in accordance with standard NF EN 196-5) indicates that finely ground NP
is pozzolanically active and has the cementitious characteristics required to be
used as cement additive.

• Substitution of natural pozzolan for cement increases the setting times because of
the excess mixing water it needs and decreases the hydration heat of the speci-
mens. This trend is intensified as the replacement level is increased. These results
indicate the beneficial effects of natural pozzolan, as a partial replacement for
cement, in decreasing peak temperature and the cooling slope, particularly in

Figure 13. Deterioration of specimens after 7 weeks of immersion.

94 Y. Senhadji et al.



large masses of concrete (e.g. dams), which results in a flattening of the thermal
gradient and a reduction of the risk of cracking in massive concrete structures.

• The strength of pozzolanic cement is lower than that of plain portland cement at
early ages. This strength difference decreases gradually in the following days and
can reach the same order of strength at longer curing periods. The optimum
dosage to obtain the maximum strength is 20% of NP.

• It is clear that chloride permeability resistance of pozzolan concrete is higher than
that of mortar with portland cement. Also, the blended mortars with natural poz-
zolan addition have better resistance to the aggressions of sulphuric acid and
nitric acid media than does the control mixture. This is important evidence that
natural pozzolan can make a significant contribution to the durability of concrete.

Finally, by using these natural pozzolan resources in cement production, considerable
amounts of heat can be saved and this can help to stop global warming and excess CO2

emissions, which are the common ecological problems of humanity.
Recommendation for future work: this research needs to be supplemented by dura-

bility studies such as freeze–thaw resistance, permeation properties, carbonation resis-
tance and activation of reactivity of natural pozzolans. Some of these tests are in
progress.
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