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a b s t r a c t

Natural zeolite, a type of frame-structured hydrated aluminosilicate mineral, is used abundantly as a type
of natural pozzolanic material in some regions of the world. In this work, the effectiveness of a locally
quarried zeolite in enhancing mechanical and durability properties of concrete is evaluated and is also
compared with other pozzolanic admixtures. The experimental tests included three parts: In the first
part, the pozzolanic reactivity of natural zeolite and silica fume were examined by a thermogravimetric
method. In this case, the results indicated that natural zeolite was not as reactive as silica fume but it
showed a good pozzolanic reactivity. In the second part, zeolite and silica fume were substituted for
cement in different proportions in concrete mixtures, and several physical and durability tests of concrete
were performed. These experimental tests included slump, compressive strength, water absorption, oxy-
gen permeability, chloride diffusion, and electrical resistivity of concrete. Based on these results, the per-
formance of concretes containing different contents of zeolite improved and even were comparable to or
better than that of concretes prepared with silica fume replacements in some cases. Finally, a compara-
tive study on effect of zeolite and fly ash on limiting ASR expansion of mortar was performed according to
ASTM C 1260 and ASTM C 1567. Expansion tests on mortar prisms showed that zeolite is as effective as fly
ash to prevent deleterious expansion due to ASR.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Zeolite tuff–lime mixtures have been widely used in construc-
tions since ancient times. Today, more than 50 natural and 150
synthetic zeolite minerals are known and are used in various
industries. In the cement industry, natural zeolite is a popular nat-
ural pozzolan in some regions of the world. In China, it is widely
used as a cement blending material. It is reported that the total
quantity of zeolite consumed for this purpose is as much as 30 mil-
lion tons per year in China [1,2].

Natural zeolite as volcanic or volcano-sediment material has a
three dimensional frame structure and is classified as a hydrated
aluminosilicate of alkali and alkaline earth cations. Crystals are
characterized by a honeycomb like structure with extremely small
pores and channels, varying in size from 3 � 10�4–4 � 10�4 lm. It
has an equivalent total specific surface (internal and external) area
of 35–45 m2/g [3]. Therefore, zeolite is well known for its ability to
lose and gain water by over 30% of its dry weight; furthermore,
constituent cations can be exchanged with no major changes in
the structure of crystals [3–5].

Mostly, reactive components of pozzolanic materials such as sil-
ica fume, fly ash and natural pozzolans are glassy or amorphous.
ll rights reserved.
Though, natural zeolites, which are crystalline, can act as pozzola-
nic materials [6].

It has been ascertained that natural zeolite is an excellent sup-
plementary cementitious material. The large quantity of reactive
SiO2 and Al2O3 in zeolite chemically combines with the calcium
hydroxide produced by the hydration of cement to form additional
C–S–H gel and aluminates, resulting in the improvement of micro-
structure of hardened cement [2,7–9]. Like other pozzolanic mate-
rials, replacement of cement by natural zeolite can improve the
mechanical properties of cement and concrete composites [10–
13]. Although the replacement of cement by zeolite reduces slump
and increases water demand of fresh concrete, high strength (over
80 MPa) and flowing (slump 180 mm) concrete with 10% substitu-
tion level of zeolite was produced by means of sufficient amount of
superplasticizer [12]. No segregation or bleeding was observed in
the flowing fresh concrete because the viscosity of fresh concrete
increases by the added zeolite [12]. The strengthening effect of
zeolite on concrete is due to reduction in the total pore content
and improvement of transition zone structure between zeolite
blended cement paste and aggregates of hardened concrete [13].
In another work, it is shown that high-volume natural zeolite mix-
ture (50% mass replacement) is producible for structural concrete
applications [14].

A number of research studies have been confirmed that natural
zeolite effectively prevents the deleterious expansion of concrete
due to alkali silica reaction [15–18]. The mechanism by which
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Table 1
Chemical properties of binders.

OPC Natural zeolite Silica fume Fly ash

Oxide composition % by mass
CaO 63.25 1.68 – 1.05
SiO2 22.42 67.79 93.16 61.30
Al2O3 4.68 13.66 1.13 28.80
Fe2O3 3.68 1.44 0.72 4.98
MgO 3.63 1.2 1.6 0.63
Na2O 0.25 2.04 – 0.24
K2O 0.75 1.42 – 1.40
SO3 1.74 0.5 0.05 0.13
Loss on ignition 0.45 10.23 1.58 0.70
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natural zeolite inhibits alkali silica reaction is by decreasing the
alkaline ions (Na+, K+) concentration in the pore solution through
ion exchange, adsorption and pozzolanic reaction of natural zeolite
[15].

In some experimental studies the effectiveness of zeolite in
enhancing the performance of cement is compared with that of
other pozzolanic materials. It is observed that the pozzolanic reac-
tivity of natural zeolite is between that of silica fume and fly ash
[2]. Other research has shown that, with the replacement level of
10%, zeolite performs better than pulverized fuel ash but is inferior
to silica fume in terms of increasing the compressive strength,
decreasing the initial surface absorption and the chloride diffusion
of concrete [19].

Generally, despite the good performance of zeolite as pozzola-
nic material, limited researches are performed and published about
this subject, especially about the durability aspects of concrete.

Natural zeolite is abundantly deposited in Iran and it can be
easily quarried and processed while usual pozzolans such as fly
ash, silica fume, high-reactivity metakaolin and slag are rarely
available and are relatively expensive. Additionally, with the focus
on increasing the durability of concrete structures especially in
aggressive environments such as the Persian Gulf region [20–22],
finding of an available and economical supplementary cementi-
tious material have gained great importance in Iran. Therefore,
the objective of this study was to evaluate the effect of natural zeo-
lite, coming from Semnan in the center of Iran, on properties of
concrete using various testing methods.

The experimental tests included three parts: In the first part, the
pozzolanic reactivity of natural zeolite (NZ) and silica fume (SF)
were examined by a thermogravimetric method. In the second
part, several physical and durability tests of plain concrete and
concretes incorporating NZ and SF with water to total cementitious
ratio of 0.40 were performed. The performances of mixtures were
assessed in terms of slump, compressive strength, water absorp-
tion, oxygen permeability, chloride diffusion, and electrical resis-
tivity of concrete. NZ was replaced 5%, 10%, 15% and 20% of
cement by weight while replacement levels of SF were 5%, 10%,
and 12.5% by weight. Finally, effect of NZ and fly ash (FA) on sup-
pressing ASR expansion of mortar was performed based on ASTM C
1260 and ASTM C 1567. NZ and FA were in turn used to replace
10%, 20%, 30%, and 40% by weight of cement. SF and FA were cho-
sen for comparison because of their effective application and wide
usage as pozzolanic admixtures.
2. Materials

The cement used was a commercially available ASTM Type II
Portland cement with a specific gravity of 3.14 and a fineness of
290 m2/kg. The source of NZ (clinoptilolite type) used in this
project was the mines from north of Semnan, Iran. Quantitative
X-ray diffraction phase analysis of NZ of the mine had shown
90–95% zeolite in the mineralogy composition [23]. NZ had a spe-
cific gravity of 2.20, a fineness of 320 m2/kg and an average particle
size of 16.84 lm. The total content of SiO2, Al2O3, and Fe2O3 in the
zeolite was found to be approximately 83% which is more than the
minimum requirement (70%) specified in ASTM C 618 for natural
pozzolans. SF was obtained from Azna ferro-silicon alloy manufac-
ture with a specific gravity of 2.20 and a specific surface area of
20,000 m2/kg. FA was produced in South Africa, having a specific
gravity of 2.22 and a fineness of 410 m2/kg. The chemical composi-
tions of these four fine materials are listed in Table 1.

The fine and coarse aggregates used for casting concrete mix-
tures were from the Karaj River region. The coarse aggregate had
a maximum size of 19 mm, a specific gravity of 2.78, and a water
absorption of 1.97%. The fine aggregate had a specific gravity of
2.59, an absorption of 2.58%, and a fineness modulus of 3.27. Fine
aggregate from the Aras River region was used in mortar bars for
performing ASR experiments. This aggregate is to be used in Aras
dam construction. According to previous studies, it is of high alkali
silica reaction potential [24]. Petrography of this aggregate accord-
ing to ASTM C 295 indicated that the rock is igneous with reactive
minerals of dolomite and quarts.

Naphthalene based superplasticizer (40% solid) was used for the
concrete mixtures in order to improve the workability of fresh
concrete.
3. Specimen preparation and testing methods

3.1. Assessment of pozzolanic reactivity

Thermogravimetric method (TG) [25,26] was used to evaluate
the pozzolanic activity of pozzolans. For this purpose, two pastes
were prepared by mixing NZ and SF with hydrated lime. These poz-
zolanic materials and hydrated lime were mixed in the ratio of 1:1
by weight. The water to solid material ratio was kept at 0.50. The
pastes were placed in containers made of glass and stored in a
water bath kept at 60 �C. Prior to testing, samples were taken from
container and the hydration was stopped with subjecting the sam-
ples to acetone. The percentage of Ca(OH)2 fixed through pozzola-
nic reaction was calculated (Eq. (1)) at time of 1, 3, 7, 14, and
28 days of curing for each sample using thermogravimetric analy-
sis with a constant heating rate of 30 �C/min from 60 to 1000 �C in
a static air atmosphere.

FixedCaðOHÞ2ð%Þ ¼
ðCHÞi � ðCHÞpÞ

ðCHÞi
ð1Þ

where (CH)i is the initial mass of Ca(OH)2 in the paste (g) and (CH)p

the mass of fixed Ca(OH)2 in the paste at a given age (g).

3.2. Strength and transport property measurements

Several experiments were performed on concrete mixtures
incorporating different replacement levels of NZ or SF at a water
to total cementitious materials ratio (w/cm) of 0.40. The cementi-
tious materials content was kept at 400 kg/m3. For all of the mix-
tures, the ratio of fine aggregate to coarse aggregate was
maintained at 1:1 and the aggregate content was 1850 kg/m3.
Superplasticizer was added in order to attain a slump of about
70 mm. The mixture proportions and fresh concrete properties
are shown in Table 2. The dry materials were mixed first followed
by the addition of water into the mixer. Finally, the superplasticizer
was added to the mixture. Immediately after mixing the concrete
mixtures were consolidated by a vibrating table. After casting, all
the specimens were left covered in the casting room for 24 h. The
test samples were then demoulded and moist cured at 23 ± 1 �C un-
til the age of tests. The concretes were tested for compressive



Table 2
Binder content and properties of fresh concrete.

Code Cement replacement material and
level (%)

Content of cement replacement material
(kg/m3)

Cement (kg/
m3)

Superplasticizer (L/
m3)

Slump
(mm)

Air content
(%)

Control _– 400 2.7 65 2.4

NZ5 Zeolite, 5 20 380 3.2 75 3.4
NZ10 Zeolite, 10 40 360 4.3 60 3.3
NZ15 Zeolite, 15 60 340 6.3 65 3.8
NZ20 Zeolite, 20 80 320 7.0 75 3.6

SF5 Silica fume, 5 20 380 3.2 45 3.2
SF10 Silica fume, 10 40 360 3.7 80 2.8
SF12.5 Silica fume, 12.5 50 350 4.0 70 3.6
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strength, oxygen permeability, water absorption, chloride diffusion,
and electrical resistivity.

(1) Compressive strength: At 3, 7, 28, and 90 days of age, three
150-mm cube specimens of each concrete mixture were
tested for compressive strength with a 2000 kN hydraulic
press and a loading rate of 0.5 N/mm2/s.

(2) Water absorption: Three concrete cores, 75 mm in diameter
and 130 mm in height, were obtained from three 200 mm
cubes for each concrete mixture after the concretes were
cured for 28 days. Water absorption tests were performed
after the cores were oven-dried for 72 h. The absorption of
each specimen was measured by calculating the increase
in mass resulting from immersion in water for 30 min as a
percentage of the mass of the dry specimen.

(3) Oxygen permeability: Oxygen permeability tests were carried
out on cylindrical specimens, 150 mm in diameter and
50 mm in height, according to the Cembureau method
[27]. Following curing for 28 days, specimens were oven-
dried at 105 ± 1 �C for a period of 7 days. Based on this
method, oxygen under pressure was applied on one end of
the specimens while providing a tightly fitting seal to the
curved surface. The rate of gas flow from the other flat side
was then measured using a soap bubble flow meter, once
the flow rate stabilized. The relationship proposed by
Hagen–Poiseuille (Eq. (2)) was used to determine specific
permeability coefficient. The flow is assumed to be laminar
and unidirectional.
KO ¼
2 � QPa � L � g
Aðp2 � p2

aÞ
ð2Þ

where KO is the specific permeability coefficient (m2), Q the
volume flow rate of the fluid (m3 s�1), A the cross-sectional
area of specimen (m2), L the thickness of the specimen in
the direction of flow (m), g the viscosity of gas
(2.02 � 10�5 N s m�2 for oxygen at 22 �C), p the inlet pres-
sure (N m�2), pa the outlet pressure (N m�2). In this study,
a single test result corresponds to the average of the specific
permeability coefficient measured at five absolute inlet pres-
sure levels of 1, 1.2, 1.4, 1.6, and 1.8 N m�2 relative to outlet
pressure.
(4) Chloride diffusion: Bulk chloride diffusion samples were pre-
pared according to ASTM C 1556. Cylindrical specimens
(150 mm diameter � 300 mm thick) were cast, followed by
45 days curing, for each concrete mixture. Afterwards, the
cylinders were sawn to provide a 100 mm thick slice from
the top of the specimen. The slices were sealed with epoxy
polyurethane coating on all sides except the sawn surface
to simulate one-dimensional diffusion. These specimens
were immersed in a sodium chloride solution with a concen-
tration of 165 g/l and a temperature of 23 �C. After an expo-
sure period of 90 days, the specimens were removed from
the salt solution. A hole with a diameter of 45 mm was
drilled to produce pulverized material samples at incremen-
tal depths from the uncoated face. The resulting powder
samples from each layer were collected separately to ana-
lyze acid-soluble chloride content according to ASTM C
1152 and ASTM C 114. The resulting output of the test is a
plot of acid-soluble chloride concentration versus depth
from the exposed surface. The apparent diffusion coefficient,
Da and surface concentration, Cs were calculated from the
established chloride concentration profile based on Fick’s
Second Law of Diffusion and Crank’s solution (Eqs. (3) and
(4)).
@C
@T
¼ Da

@2C
@x2 ð3Þ

Cðx; tÞ ¼ Cs 1� erf
x

2
ffiffiffiffiffiffiffiffiffiffiffi
Da � t
p

� �� �
ð4Þ

where x is the depth from the surface (m), t the exposure
duration (s), C(x, t) the chloride concentration at depth x
and time t, Cs the chloride concentration at the surface, and
Da the apparent diffusion coefficient (m2/s).
(5) Electrical resistivity: Electrical resistivity testing was con-
ducted on three 100 mm cubes prepared for every concrete
mixture during a period of 90 days after the casting of con-
cretes. The specimens were submerged in water until the
testing age. The electrical resistivity of the cubes was mea-
sured based on AC Impedance Spectrometry (ACIS) method
using a concrete resistance meter [28,29]. The resistivity
then was calculated by:
q
A � R

L
ð5Þ

where q is the resistivity (kX cm), A the area (cm2), R the
resistance (kX), L the length of specimen (cm).
3.3. Assessment of ASR potential

The efficacy of natural NZ in controlling ASR expansion of mor-
tar bar was compared with that of FA using the accelerated test
method of ASTM C 1260 and ASTM C 1567. Nine different mortar
mixtures containing 0, 10%, 20%, 30%, and 40% by mass replace-
ment of cement with NZ or FA were prepared. Based on the test
method, mortar bars were produced by using 1 part of cement to
2.25 parts of sand. Additionally, the water to total cementitious
materials (w/cm) was kept at 0.47. Binder content of mortar bars
are shown in Table 3. Three mortar bars (25 � 25 � 225 mm) were
cast for each mortar mixture. After 24 h in their molds, the bars



Table 3
Binder content of mortar bars.

Code Cement replacement
material and level (%)

Content of cement
replacement material (g)

Cement
(g)

C – – 440

Z10 Zeolite, 10 44 396
Z20 Zeolite, 20 88 352
Z30 Zeolite, 30 132 308
Z40 Zeolite, 40 176 264

FA10 Fly ash, 10 44 396
FA20 Fly ash, 20 88 352
FA30 Fly ash, 30 132 308
FA40 Fly ash, 40 176 264
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were removed from the molds and stored in a water bath filled
with tap water at 80 �C for a period of 24 h. After this precondition-
Fig. 1. Percentage of fixed Ca(OH)2 versus time in natural zeolit

Fig. 2. Compressive strength of control and n
ing, the length of mortar bars was measured (initial reading). Then
placed into storage containers filled with a 1 N NaOH solution at
80 �C for the duration of the test. Subsequent length readings were
made for 35 days after initial reading.
4. Results and discussion

4.1. Pozzolanic reactivity

Fig. 1 presents the percentage of reacted Ca(OH)2 versus time
for the NZ and SF pastes. It can be noticed that the reactivity of
NZ was lower than that of SF. At the age of 14 days, approximately
the total amount of Ca(OH)2 was reacted in SF paste, whereas 94%
of the initial quantity of Ca(OH)2 was fixed by NZ. Nevertheless, NZ
exhibited high rate of consumption of lime. For this pozzolanic
material about 100% of the initial amount of Ca(OH)2 was fixed
at the time of 28 days.
e and silica fume pastes (NZ or SF, Ca(OH)2, water: 1, 1, 1).

atural zeolite and silica fume concrete.



Table 4
Results from chloride diffusion tests (90-day exposure).

Concrete
code

Da (�10�12 m2/
s)

Cs (percent
concrete)

Coefficient of
regression

Control 12.5 0.82 0.992

NZ5 12.2 0.74 1.000
NZ10 5.5 0.92 0.995
NZ15 5.1 0.96 0.999
NZ20 4.4 1.04 0.997

SF5 5.2 0.73 0.993
SF10 3.1 0.65 0.990
SF12.5 1.4 0.69 0.995
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4.2. Fresh concrete properties

The higher the replacement of cement by NZ, the more the
superplasticizer was required to maintain the slump of concrete,
which can be attributed to the large amount of pores in its frame
structure and high surface area. In addition, using more NZ led to
increase of viscosity of fresh concrete, which can be suitable for
producing of pumping concrete. Similar results were obtained
about the properties of fresh concretes incorporating natural zeo-
lite by other authors [12,13]. However, it is reported that workabil-
ity of fresh concrete was not affected by natural zeolite noticeably
[19].
4.3. Compressive strength

Fig. 2 shows the effect of NZ or SF on the compressive strength
of concrete. It is clear that regardless of replacement level, NZ and
SF increased concrete strength at all ages. In terms of 90-day com-
pressive strength, it is apparent that the optimum replacement le-
vel for NZ was at 15%. At this age the strength results of NZ
concretes were comparable to those of SF10 and SF12.5. Based on
the results, higher 28-day compressive strengths were achieved
when NZ was further used. The compressive strength of concrete
mixtures NZ5, NZ10, NZ 15, and NZ 20 were 14%, 16%, 23%, 25%
Fig. 3. Water absorption of control and natural zeo

Fig. 4. Oxygen permeability of control and natural z
higher that of the control mixture. It appears that the zeolite used
in this study has a suitable strengthening effect because of high
purity (90–95%). Feng et al. [12,13] studied on compressive
strength of concretes containing a natural zeolite with a purity le-
vel of about 60%. They reported that replacement of cement by
zeolite at different levels increased the 28-day compressive
strength of concrete about 10–15%. Also, according to the results
reported by Chan and Ji [19], the 28-day strength of zeolite con-
crete with a replacement level at 15% (as an optimum replacement
level) was 14% higher than that of control concrete.
lite and silica fume concrete (28-day curing).

eolite and silica fume concrete (28-day curing).



Fig. 5. The development of electrical resistivity of control and natural zeolite and
silica fume concrete with age.
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4.4. Water absorption

The water absorption results of concrete specimens are pre-
sented in Fig. 3. It can be seen that both the NZ and SF concrete
mixtures displayed lower water absorption than the control mix-
ture. All the mixtures incorporating NZ did not show considerable
difference in percentage of water absorption. It can be found NZ
was more effective than SF in reducing the water absorption at
the level of 5%. For SF concrete, the higher the replacement level,
the more the reducing effect in water absorption.
4.5. Oxygen permeability

Fig. 4 demonstrates the effect of level of SF or NZ replacement
on the specific oxygen permeability coefficient KO (see Eq. (2)) of
concrete mixtures. It can be found that the concrete mixtures with
Fig. 6. Expansion of mortar bars m
5% and 10% replacement levels of NZ had a lower permeability
compared with that of the control and SF concretes with equal
replacement levels.

At 15% and 20% replacement levels, there was an increase in
specific permeability coefficient of NZ concrete and these values
were also higher than that of control concrete mixture. A potential
reason for increase in oxygen permeability with the higher NZ
replacement is that a partial amount of NZ is still unreacted in
hardened concrete paste. Passing of oxygen through porous struc-
ture of unreacted NZ particles may be an additional justification of
higher oxygen permeability of concrete.

SF12.5 was the most impermeable specimen.

4.6. Chloride diffusion

The values of apparent diffusion coefficient (Da) and surface
chloride concentration (Cs) determined for various concrete mix-
tures from Eq. (4) are given in Table 4. Furthermore, the coeffi-
cients of regression R2 calculated for the curve of Crank’s solution
fitted to the plot of chloride content versus depth are presented
in the same table. The results show that at 10–20% NZ, there was
a marked decrease in diffusion coefficient compared to control
concrete. However, SF concretes had a better effect on improving
diffusion characteristics of concrete than NZ concretes at the same
level of replacement. It was shown that the natural zeolite was
more effective than pulverized fuel ash in term of chloride diffu-
sion of concrete but it was less effective than silica fume [19].

Because the test conducted in this study was based on measur-
ing the acid-soluble chloride content, the chloride binding effect of
natural zeolite was not studied. This subject and the corrosion
behavior of concrete containing NZ in Persian Gulf are under inves-
tigation by the authors.

4.7. Electrical resistivity

The electrical resistivity, q developments versus time (up to
90 days) of specimens are presented in Fig. 5. As shown in this fig-
ure, NZ and SF increased resistivity of concrete. Increase in resistiv-
ity was occurred with using more NZ or SF content, and with
increasing age. At all ages, the resistivities of the concrete mixtures
with natural zeolite were lower than those recorded for silica fume
concretes with the same replacement level. It seems that NZ in-
creased resistivity of concrete by creating a finer pore size distribu-
tion [12] and decreasing ionic concentration [15].

The resistivity of the concrete has an important influence on the
rate of corrosion of embedded reinforcing steel after the break-
ade with zeolite versus time.



Fig. 7. Expansion of mortar bars made with fly ash versus time.
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down of passivity. Generally, the larger the resistivity of the elec-
trolyte (in this case concrete), the smaller the corrosion rate of
the reinforcement will be [30,31]. It is reported that the corrosion
rate of reinforcing steel is low when the resistivity of concrete ex-
ceeds 20 kX cm [32].
4.8. ASR expansion

Results of the expansion of the NZ and FA mortar bars compared
to control mortar bar are shown in Figs. 6 and 7 respectively.
According to the expansion limits mentioned in ASTM C1260, after
14 days of exposure to 1-N NaOH solution, if the average of the
expansion of mortar bar (without pozzolanic materials) exceeds
0.20%, the aggregate is considered deleteriously reactive. As seen
in Figs. 6 or 7, the 14-day expansion of control mortar bar is
0.47%. Therefore, the sand used in this portion of study is highly
reactive. Additionally, the results showed that when an increasing
amount of cement was replaced by NZ or FA, expansion of mortar
bars due to ASR decreased significantly. A comparison of Figs. 6 and
7 shows that the behavior of NZ was almost identical to that of FA
in controlling expansion due to ASR.

Based on ASTM C 1567, after 14 days of exposure to 1-N NaOH
solution, combinations of cement, pozzolanic material and aggre-
gate that expand less than 0.1% are likely to have a low risk of del-
eterious expansion when used in concrete under field conditions.
Fig. 8 reveals the effect of different levels of cement replacement
by NZ or FA at the age of 14 days. It can be seen that replacing more
Fig. 8. Comparing the expansion of mortar bars made with zeolite and fly ash at the
age of 14 days.
than 20% of cement by zeolite or fly ash fulfilled the ASTM C 1567
limit.

It is reported that the mechanism by which natural zeolites
inhibits alkali silica reaction is by decreasing the alkaline ion con-
centration in the pore solution through ion exchange, adsorption
and pozzolanic reaction of natural zeolite [15].

5. Conclusions

The main conclusions of this study on a locally quarried and
produced natural zeolite from Iran can be summarized as follows:

1. Based on thermogravimetric analysis, although natural zeolite
showed lower pozzolanic reactivity than silica fume, this pozzo-
lan revealed high rate of consumption of lime and fixed almost
total amount of Ca(OH)2 after 28 days of curing.

2. The higher the replacement of cement by natural zeolite led to
much superplasticizer demand in order to maintain the slump
of fresh concrete, though the viscosity of concrete increased.

3. Both the natural zeolite and silica fume concrete mixtures dis-
played higher strengths than the control mixture at 3, 7, 28,
and 90 days. Natural zeolite was not as effective as silica fume
in increasing the compressive strength. Nevertheless, at
90 days, the results of natural zeolite concretes were compara-
ble to those of concretes incorporating 10% and 12.5% silica
fume. Comparing to the results obtained in other researches,
it seems that natural zeolite used in the present study is more
effective in term of enhancing compressive strength of concrete
because of high purity.

4. The substitution of cement with up to 20% natural zeolite
reduced water absorption and chloride diffusion coefficient of
concrete. Also, the oxygen permeability of concrete was
reduced by replacement of cement with up to 10% natural
zeolite.

5. The use of 5% and 10% zeolite lowered the oxygen permeability
of concrete even more effectively than the use of the same lev-
els of silica fume. The water absorption of concrete containing
5% zeolite was also lower than that of concrete containing 5%
silica fume.

6. According to the decrease in chloride diffusion coefficient and
the increase in electrical resistance, it can be expected that rein-
forced concretes with natural zeolite added have capacity for
corrosion resistance.

7. The use of 20–40% zeolite or fly ash was similarly efficient in
controlling deleterious expansion of mortar containing highly
reactive aggregate.
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