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This research investigates the effect of the amount (from 2.5 % to 15 %) of natural zeolite on the alkali silica reaction
resistance (ASR), density, ultrasonic pulse velocity and mechanical properties of mortar. Research revealed that physical
and mechanical characteristics of mortar mix improve with higher amount of natural zeolite, however, the appropriate zeolite
amount must be selected because overdosing leads to deterioration of mortar mix properties. The impact of natural zeolite
and the amount used on the expansion of mortar specimens was tested using Rilem AAR-2 method. Altered composition mortar
specimens were tested using SEM and X-ray structure analysis, their mineral composition was determined. Dependence
between natural zeolite amount in mortar mix, mineral composition of hardened mortar and expansion was determined.
Test results revealed that alteration of mortar composition by natural zeolite not only improves physical and mechanical
properties of the mix but also increases alkali silica reaction resistance (ASR) of mortar. The tests revealed that alteration
of mortar composition with 15 % of natural zeolite (replacing cement mortar mix) increases durability and resistance

to alkaline silica reaction.

INTRODUCTION

In today's construction industry, concrete is the
main and most used material [1]. Concrete is a durable
and very reliable building material. [2]. However, over
time even concrete becomes vulnerable, some pro-
perties deteriorate [3]. The properties of concrete can
be improved by using various mineral additives with
different characteristics [4]. Concrete is made from
four basic ingredients: coarse aggregate (gravel), fine
aggregate (sand), portland cement, and water. When cu-
ring concrete, complex chemical reactions occur between
aggregates and cement. Amorphous silica and carbonates
contain most natural aggregates and they react with Na
and K in the concrete mix [5]. The expansion of the
alkaline and aggregate reaction (AAR) product causes
cracks and degradation of mechanical properties, which
can cause concrete to collapse [6].

ASR in concrete is one of the most dangerous
reactions in concrete [7]. Silica or silicate, which drive
ASR in concrete, are mainly supplied by reactive aggre-
gates. Subsequently, silica reacts with alkali-hydroxides
in concrete to form ASR gel [8]. This interaction is widely
known as alkali aggregate reaction (AAR). There are two
types of AAR depending on the minerals involved, na-
mely alkali silica reaction (ASR) and alkali-carbonate
reaction (ACR). Aggregates containing reactive silica
minerals are responsible for the development of ASR in
concrete [9].

Research on this reaction has taken more than half

a century. This allowed the researchers to investigate
the reaction mechanism and make recommendations to
reduce the harmful effects [10]. However, the reaction in
concrete has not yet been completely stopped. Huge mo-
ney is being spent all over the world to eliminate defects
caused by ASR [11].

ASR cracks in concrete structure are caused by
expansions of alkali silica reaction product (gel) [12].
ASR is a slow process that develops over years to
decades and it is influenced by changes in environmental
and loading conditions of the structure [13].

Mineral admixtures are siliceous materials in finely
divided form that are added in relatively large amounts
to concrete during mixing. Industrial by-products are the
primary source of mineral admixtures. In Europe these
mineral admixtures are normally called additives. Many
researchers also call them supplementary cementing
materials (SCM) [14].

Zeolites are crystalline aluminum hydrosilicates of
alkali and alkaline earth metals with an open three-di-
mensional backing (tectosilicates) consisting of: (a) repe-
ated fundamental building units of silicon-oxygen and
aluminum-oxygen tetrahedras forming single 4/6-ring,
double 4/6-ring, or larger symmetrical polyhedral SiO,-
-AlO, framework, (b) charge-balancing, exchangeable
mono and divalent alkaline and alkaline earth metal
cations (Na™ , Ca*", K* , Mg, Sr" , Ba®") present in
the interconnected void spaces or spacious channels in
the framework and in intraframe cavities, and (c) highly
variable amounts of water molecules in the cavities that
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are weakly bonded to anionic framework atoms [15].
Zeolites are rich in active SiO, and Al,Os. Silica dioxide
and ash, like other pozzolanic materials, can improve
concrete strength by means of Ca(OH), reaction with
pozzolans [16].

Most of the natural zeolites are formed by volcanic
rocks in contact with fresh or seawater. Natural zeolites
formed in the following geological environments: al-
kaline deserts, lake deposits, ash ponds, etc. In the
1950’s, geologists discovered that million-ton deposits
of volcanic tuff consisting mostly of zeolitic materials
are not uncommon [17].

Such zeolitic crystals, by virtue of their unique
structures, get filled up with water which can be driven
off by heating. As such, the dried up crystals possess
a honeycomb-like structure consisting of openings or
pores of the order of a few atoms in width (~ 2 to 10 A)
[18, 19].

Natural zeolites, such as Clinoptilolite (i.e.,
popularly known as clino zeolites) and Chabazite, have
applications in the fields of water treatment, fertilizers
for soil amendment and plant growth by better reten-
tion of nutrients. Clinoptilolite has been widely used in
agriculture for soil improvement and as feed additives
because it has a higher amount of acid resistant silica (viz.,
Si/Al = 1:5). However, such zeolites are contaminated by
other minerals (e.g., Fe™, SO,~, Quartz, other zeolites,
and amorphous glass) and hence they may not be suitable
for several important commercial applications where
uniformity and purity are essential [20].

The use of zeolite increases the hydration rate of
the cement and affects the physical and mechanical
properties [21].

ASR depends on several factors: activators,
cement, reactivity level of aggregates, humidity and
temperature. The product of ASR lead to expansion,
causing degradation of the concrete, particularly in civil
engineering structures subjected to wet environments
such as dams, massive bridge parts railroad sleepers and
prestressed units [22].

Fine particles of concrete mix are very important
and have a great influence on the water demand, proper-
ties of fresh and hardened concrete, so it is necessary to
pay attention to this when designing the composition of
concrete mix [23].

Table 1. Chemical composition of cement.

Properties of concrete mix and hardened concrete
(physical, mechanical, rheological, durability, etc.) can
be increased by using various additives [2].

ASR impact can be mitigated by using the right type
of cement containing pulverised flue ash or blast furnace
slag [24]. The rate and extent of the reaction depends
on the reactivity level, amount, composition and particle
size of the aggregates.

Mineral additives also have a significant effect on
the properties of the concrete mix: water demand, heat of
hydration and reactivity [4]. The durability of concrete
structures is one of the most important properties that
can be improved by using natural zeolite as a mineral
additive [25]. The effect of AAR in concrete can be
minimized by the use of pozzolanic additives [26, 27].

The analysis of the literature found research mortar
that replaces cement with natural zeolite resistance
to alkali silica reaction. The aim of our work was to
investigate the effect of zeolite content on the alkali
silica reaction resistance and physical and mechanical
properties of the mortar.

Studies have shown that it is effective to replace
cement in the mortar with 12.5 % to 15 % natural zeolite
due to increased resistance to alkaline corrosion.

EXPERIMENTAL

Mortar specimens were made from Portland cement
CEM 1 42.5 R. The chemical composition of the cement
is presented in Table 1.

Sand of fraction 0/4 was used as fine aggregate.
Polycarboxylate-based plasticising admixture with pH
of 4.6. The mortar was modified with natural zeolite
additive. The chemical composition of zeolite is pre-
sented in Table 2.

7 bathes of mortar specimens were moulded for
laboratory tests. The specimens contained different
amounts of zeolite in the cement mix ranging from
0 % to 15 % by weight of cement. The compositions
of mortar mixtures proportions are presented in
Table 3. The dimensions of moulded specimens were
40 x 40 x 160 mm. Density, compressive strengths
and flexural strengths, ultrasonic pulse velocity of the
specimens were measured after 28 days of curing.

Chemical composition CaO SiO, Al,O; Fe,0; K,0 SO; Na,O Other
0

Amount (%) 6331 20.70 6.10 3.36 1.0 0.80 030 4.44

Table 2. Chemical composition of natural zeolite.

Chemical composition SiO, Al,O3 CaO K,O0 FeO; MgO Na,O TiO, Other
0,

Amount (%) 68.15 12.18 3.95 2.80 1.30 0.90 0.75 0.20 9.77
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Table 3. Mortar mixture proportions. (wt. %)

Natural zeolite Portland Sand Water w/C Plasticizing
in the cement mix cement admixture
0 26.88 60.48 12.63 0.47 0
2.5 26.21 60.48 12.63 0.47 0
5.0 25.54 60.48 12.63 0.47 0
7.5 24.87 60.48 12.63 0.47 0.05
10.0 24.19 60.48 12.63 0.47 0.10
12.5 23.52 60.48 12.63 0.47 0.10
15.0 22.85 60.48 12.63 0.47 0.10

The density of the specimens was measured
according to EN 12390-7:2009, the compressive
strength was measured according to EN 12390-3:2009/
AC:2011, the flexural strength was measured according
to EN 12390-5:2009, and ultrasonic pulse velocity was
measured according to EN 12504-4:2004.

Phase analysis of natural zeolite was done by X-ray
diffraction meter SmartLab (Rigaku) with a rotating
Cu anode X-ray generator tube. The X-ray diffraction
patterns were recorded in the angular range 5 — 75° (26),
detector step 0.02°, detector movement speed 1° per
minute. Database of crystal structures PDF- 4+ (2016)
was used for the analysis

The microstructure of mortar specimens and natural
zeolite was tested with the scanning electron microscopy
(SEM) device SEM JEOL 7600F. Electron microscopy
parameters: Power 10 kV and 20 kV, distance to specimen
surface 7— 10 mm. Characteristics of the microstructure
was identified by testing the specimen splitting surface.
The image was obtained by recording the signal of
secondary electrons. Before testing the splitting surface
was coated with electrically conductive thin layer of gold
by evaporating the gold electrode in the vacuum using
the instrument QUORUMOQI150R ES. The specimens of
the tested materials were photographed by the digital
camera Sony ILCE 5000.

The resistance of mortar sample to ASR was tests
in accordance with the standardised Rilem AAR-2 me-
thodology. According to "RILEM AAR-2" method the
specimens (40 x 40 x 160 mm) hardened in water of
80 °C temperature was kept for 14 days in 1 N NaOH
solu-tion at 80°C temperature and afterwards their
expansion is measured (expansion limit 0.054 %). The
methodology prescribes a longer conditioning time for
specimens with aggregates containing slowly reactive
rocks. In our case the time of soaking specimens in 1IN
NaOH solution was extended to 56 days (expansion limit
0.1 %).

RESULTS AND DISCUSSION
Mineral structure of natural zeolite determined

by X-ray diffraction analysis is presented in Figure 1.
The analysis revealed that the prevailing element in

natural zeolite heulandite (Na, (Mg 36Al5 32511463036
(H,0)1032)H representing 92.2 % of natural zeolite.
X-ray image also showed the presence of muscovite ((K,
Na)(Al, Mg, Fe),(Si3; Alyg) O19(OH),)M and anorthite
(CaAl, Si, Og)A representing 0.7 and 7.1 % respectively
in natural zeolite.
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Figure 1. XRD spectrum of natural zeolite:

H — heulandite (Na; Mg 36Al3 355114.68036(H20)10.32);

M — muscovite ((K, Na)(Al, Mg, Fe),(Si3 ;Alj 9)O19(OH),);

A — anorthite (CaAl, Si,0g).

Images of natural zeolite microstructure are
presented in Figure 2. Images obtained by the scanning
electron microscope (SEM) revealed that natural zeolite
particles have irregular shape and their size is approx
11 pm in average. The image magnified 5000 times
(Figure 2b) shows that particles of natural zeolite are
made of irregular and angular crystals distributed in di-
fferent directions, the size of the crystals is up to 0.5 pm.

Figure 3 represents the results of density tests of
altered composition mortar with natural zeolite. The
diagram shows that the highest density of 2111 kg'm™
was obtained in mortar specimens containing 10 % and
the lowest density of 2031 kg-m™ is observed in the spe-
cimen without zeolite additive. Density increase 3.94 %
(80 kg'm™) until the amount of natural zeolite in the
mix reaches 10 %. With the increase of natural zeolite
amount up to 12.5 %, the density decreases (2109 kg:m™)
and further increase of zeolite amount up to 15 % the
density decreases even more (2101 kg'm™).

Figure 4 represents the dependence between the
compressive strength of mortar and natural zeolite
amount. The compressive strength after 7 days of curing
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a) x1000

b) x5000

Figure 2. SEM images of natural zeolite: a) magnification x1000, b) magnification x5000
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Figure 3. Dependence between density and natural zeolite

amount in mortar.

control samples are 46.78 MPa. Increasing the natural
zeolite content to 12.5 % increases the compressive
strength of mortar. The highest compressive strength,
which is 6.01 MPa above the compressive strength of
the control specimen, was registered in the specimen
containing 12.5 % of mineral additive. The difference
between these two compressive strength values is
12.85 %. After 7 days of curing the compressive strength
in the specimen containing the maximum tested amount
of natural zeolite, namely 15 %, decreased down to
52.56 MPa.

After 28 days of curing the compressive strength
increases with the increase of mineral additive up
to 12.5 %. The highest compressive strength was
(56.41 MPa) was observed when 12.5 % of natural zeolite
was added to the mix and it was 3.61 MPa (8.31 %) higher
than in control specimen. The compressive strength of
the specimen containing the maximal amount of natural
zeolite (15 %) was 55.59 MPa or 0.82 MPa lower than
the samples are 12.5 % natural zeolite additive.

Figure 5 represents the dependence between the
flexural strength and natural zeolite amount in specimens
cured for 7 and 28 days. After 7 days of hardened the
flexural strength gradually increase with the increase
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Figure 4. Dependence between the compressive strength and
natural zeolite amount in mortar.

of natural zeolite amount until the amount of mineral
additive reaches 12.5 %. The highest flexural strength,
which is 0.38 MPa above the value of the control
specimen, was registered in the specimen containing
12.5 % of natural zeolite. The difference between the
flexural strength values was 6.39 %. The flexural strength
of the specimen containing the maximum tested amount
of natural zeolite, which is 15 % by weight of cement,
decreased down to 6.29 MPa.
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Figure 5. Dependence between the flexural strength and natural
zeolite amount in mortar.
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After 28 days of hardened the flexural strength
increases in specimens containing up to 12.5 % of natural
zeolite. The flexural strength of specimen without mineral
additive was 6.91 MPa. The highest flexural strength
(7.19 MPa) was observed when 12.5 % of natural zeolite
was added to the mix and it was 0.28 MPa (4.05 %)
higher than the value of the control sample. The flexural
strength of the sample containing the maximum amount
of natural zeolite (15 %) are 7.18 MPa or 0.01 MPa
decreasing than the flexural strength of the specimen
have 12.5 % of mineral additive.

Figure 6 represents the impact of the mineral
additive on ultrasonic pulse velocity in mortar
specimens. After 7 days of curing a very insignificant
impact was observed in mortar specimens containing
2.5 % of natural zeolite. The ultrasonic pulse velocity in
mortar was 4100 m-s™". A higher increase in ultrasonic
pulse velocity was observed when cement was replaced
with 7.5 % of mineral additive. The value of ultrasonic
pulse velocity reached 4120 m-s! showing an increase of
0.56 % The highest ultrasonic pulse velocity of 4151 m-s™!
was registered in specimens containing 10 % of natural
zeolite, and this meaning was 0.63 % higher compared
to specimens without the mineral additive. Ultrasonic
pulse velocity in mortar tend to decrease with higher
amount of natural zeolite in the mix. Mortar specimens
containing 12.5 % and 15 % of natural zeolite additive
had ultrasonic pulse velocity values of 4119 m-s"! and
4115 m-s™,
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Figure 6. Dependence between the ultrasonic pulse velocity
and natural zeolite amount in mortar.

Ultrasonic pulse velocity tests were also conducted
with specimens after 28 days of curing. With the increase
of mineral additive up to 5 % and 7.5 %, ultrasonic
pulse velocity increased to 4258 m-s™ and 4267 m-s’!
or 0.33 % and 0.54 % respectively compared to the
control specimen. The ultrasonic pulse velocity value of
4270 m-s™! was registered in the specimen composition
altered by 10 % of natural zeolite and this value was
0.61 % higher than in control mortar specimens.
Ultrasonic pulse velocity in mortar tend to decrease with

higher amount of natural zeolite in the mix. Ultrasonic
pulse velocity in mortar specimens containing 12.5 %
and 15 % of natural zeolite decreased to 4265 m's! and
4261 ms™.

After the amount of natural zeolite in mortar
exceeded, density, ultrasonic pulse velocity, compressive
and flexural strength decrease. It can be explained by
the too low amount of cement (overdosing of mineral
additives), which does not ensure a strong dependence
between the aggregate and cement matrix.

Figure 7 illustrates the dependence between
expansion and natural zeolite amount. After 14 days of
testing, expansion in specimens containing 2.5 % and 5 %
of natural zeolite were lower compared to the expansion
of control specimens (0.076 %) and are 0.071 % and
0.069 % respectively. Expansion of altered composition
mortar specimens with 7.5 % and 10 %, which are
0.062 % and 0.058 % respectively, also exceeded the
limit of 0.054 %. When natural zeolite amount was
increased to 12.5 %, the expansion did not exceed the
permissible limit after 14 days and was equal to 0.049 %.
The average expansion limit in specimens with the
maximum amount of zeolite of 15 % was 0.043 %.
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Figure 7. Dependence between the expansion of altered

composition mortar conditioned in 1 N NaOH solution of
80 °C for 56 days and the amount of natural zeolite.

Expansion tests of specimens after 56 days
revealed the increase of expansion in all specimens with
natural zeolite. After 56 days of testing the expansion
in specimens containing 2.5 % of natural zeolite was
0.109 %. Expansion decreased to 0.107 % and 0.103 %
in specimens containing 5 % and 7.5 % mineral additive
respectively. The expansion slightly exceeds 0.1 %
limit and reaches 0.101 % when 10 % of natural zeolite
added to the mix. The expansion of altered composition
specimens with 12.5 % and 15 % of mineral additive
decrease to 0.096 % and 0.091 % respectively after
conditioning the specimens in 1N NaOH solution of
80 °C for 56 days.

The expansion of altered composition specimens
with 12.5 % of natural zeolite after 14 and 56 days
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conditioning in 1 N NaOH solution of 80 °C did not
exceed the expansion limits of 0.054 % and 0.1 %.

To estimation of the impact of natural zeolite on
alkali-silica reaction resistance of mortar X-ray diffra-
ction evaluation was done. The mineral structure of con-
trol hardened sample and altered composition sample
with 12.5 % and 15 % amounts of natural zeolite was
investigated.

Figure 8 represents the structure of control spe-
cimen. Figure 9 represents the structure of control
sample. It was examined using SEM (scanning electron
microscope).

Product of alkali silica reaction — an alkaline gel
was found around the aggregate particles. Cracks in
the cement matrix and aggregates were caused by the
expansion of alkaline gel. All of these damages in the
microstructure of the mortar reduce durability, physical
and mechanical properties.

Figure 10 represents the mineral structure of mortar
specimen containing the limit amount of natural zeolite
of 12.5 % exposed to alkaline environment. The intensity
of X-ray image is much higher compared to the X-ray
image of mortar specimen without natural zeolite. Like
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Figure 8. XRD spectrum of mortar without natural zeolite
conditioned in 1 M NaOH solution of 80 °C for 56 days:
Q — quartz (Si0,), C — calcite (CaCOs3), A — anorthite
(CaAl,Si,0g), M — microcline (K(AlSi3)Og).

in mortar without natural zeolite, quartz (SiO,) is the
prevailing element.

Figure 11 represents the microstructure of altered
composition mortar with 12.5 % of natural zeolite
conditioned in 1 M NaOH solution of 80 °C temperature
for 56 days.

By replacing part of the cement with natural zeolite,
the contact area between the aggregate and cement ma-
trix is much stronger. with verv few cracks. The alkaline

Figure 9. SEM images of mortar without natural zeolite conditioned in 1 M NaOH solution of 80 °C for 56 days.
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Figure 10. XRD spectrum of altered composition mortar with
12.5 % of natural zeolite conditioned in 1 M NaOH solution
of 80 °C for 56 days: Q — quartz (SiO,), C — calcite (CaCOs),
A — anorthite (CaAl,Si,Og), M — microcline (K(AlSi;)Oyg),
V — vesuvianite (Ca;g)MgFeAl;SigO34(OH),).

gel accumulates, but the structure of the gel is less
massive than in mortar without natural zeolite.

Tests with altered composition mortar specimens
with 15 % of natural zeolite were done to evaluate the
impact of the maximum amount of additive. Figure 12
represents the results of XRD analysis.

Figure 13 represents SEM images of sample with
15 % of natural zeolite and conditioning the sample for
56 days in 1M NaOH solution of 80 °C. The contact area
in the aggregate and cement matrix is sturdy in all points
of altered composition mortar with 15 % of natural
zeolite, no major damage is visible.

XRD microstructure analysis and quantitative
analysis of mineral composition revealed that the amount
of quartz decreases with the increase of natural zeolite
amount. Quartz is the main source of silica in the mix
leading to deteriorating ASR through reaction with alkali
present in the cement. Mineral composition of mortar
specimens, in which cement was altered by 2.5 %, 5 %,

7.5 %, 10 %, 12.5 % and 15 % of natural zeolite, was
tested to determine the impact of natural zeolite in the
decrease of quartz in mortar mix. The results of the tests
presented in Figure 14.

The test results showed that higher amount of na-
tural zeolite in mortar mix leads of the change of mineral
composition of the specimens: the amount of quartz and
calcite decreases, the amount of microcline increases and
the amount of anorthite remains similar. It means that the
amount of pure SiO, in mortar mix can be reduced by
increasing the amount of natural zeolite because during
cement hydration and other chemical reactions silica
transforms into microcline (K(AlSi3)Og, the amount of
which increases. This mineral has much stronger che-
mical bonds than quartz (SiO,) and thus the chemical
reaction between silica and Na and K alkali is localised.
Subsequently, the amount of ASR product alkaline gel
reduces and there is less expansion of mortar.
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Figure 12. XRD spectrum of altered composition mortar with
15 % of natural zeolite conditioned in 1 M NaOH solution of
80 °C for 56 days: Q — quartz (SiO,), C — calcite (CaCOs),
A — anorthite (CaAl,Si,Og), M — microcline (K(AlSi3)Og),
V — vesuvianite (Ca;g)MgFeAl;SigO34(OH),).

Figure 11. SEM images of altered composition mortar with 12.5 % natural zeolite conditioning the sample for 56 days in 1M
NaOH solution of 80 °C.
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Figure 13. SEM images of altered composition mortar with 15 % natural zeolite conditioning the sample for 56 days in 1 M NaOH

solution of 80 °C.
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Figure 14. Dependence between the mineral composition of
altered composition specimens, expansion and natural zeolite
amount in the mix after conditioning the specimens for 56 days
in 1 M NaOH solution of 80 °C.

CONCLUSIONS

Images obtained by the scanning electron
microscope (SEM) revealed that natural zeolite particles
have irregular shape and their size is approx 11 pm in
average. X-ray diffraction microscopy analysis revealed
that the prevailing element in natural zeolite is heulandite
(Naj 6Mg 36Al3 325114.68036(H,0)1032)H  making  up
to 92.2 %. X-ray image also showed the presence of
muscovite ((K, Na)(Al, Mg, Fe),(Si3 1 Aly9)O19(OH),)M
and anorthite (CaAl,Si,Og) A representing 0.7 and 7.1 %
respectively in natural zeolite.

Studies have shown that the use of 15 % natural
zeolite in mortar increased the compressive strength to
52.56 MPa after 7 days of hardened and to 55.59 MPa
after 28 days of hardened. The highest compressive
strength was achieved by replacing the cement with
12.5 % natural zeolite.

Research revealed that mechanical and physical
characteristics of mortar mix improve with higher amount
of natural zeolite (12.5 %), however, the appropriate

zeolite amount must be selected because overdosing
leads to deterioration of mortar mix properties.

The use of 15 % natural zeolite in mortar reduces
ASR induced expansion. ASR caused expansion of
mortar depends on natural zeolite amount in mortar mix.
The highest expansion (0.113) of mortar specimens was
achieved without the use of natural zeolite. The opposite
effect obtained with the use of 15 % natural zeolite - the
expansion reached 0.043.

It means that the amount of pure SiO, in mortar
mix can be reduced by increasing the amount of natural
zeolite because during cement hydration and other
chemical reactions silica transforms into microcline (K
(AlSi3)Og, the amount of which increases. This mineral
has much stronger chemical bonds than quartz (SiO,)
and thus the chemical reaction between silica and Na
and K alkali is localised. Therefore, the amount of alkali
silica reaction product — alkaline gel — reduces and lower
expansion of mortar is observed.

The tests have shown that altered composition
mortar with natural zeolite has better physical and
mechanical properties, is more resistant to ASR and can
be used in construction works.

REFERENCES

1. Naik T. R. (2008): Sustainability of concrete Con-
struction. Practice Periodical on Structural Design and
Construction, 13, 98-103. Doi: 10.1061/(ASCE)1084-
0680(2008)13:2(98)

2. Ayub T., Shafig N., Khan S. U. (2013): Durability of
Concrete with Different Mineral Admixtures: A Review.
International Journal of Civil, Environmental, Structural,
Construction and Architectural Engineering, 7 (8), 1161-
1172.

3. Isneini M. (2016). A Study on ASR Expansion Mitigation
by Mineral Admixtures and LiOH'H,O. Dissertation,
Department of Civil and Structural Engineering Graduate
School of Engineering Kyushu University.

324

Ceramics — Silikaty 65 (4) 317-325 (2021)



Impact of natural zeolite on the properties and resistance to alkali silica reaction of mortar

4. Khan S. U., Nuruddin M. F., Ayub T., Shafiq N. (2014):
Effect of Different Mineral Admixtures on the Properties
of Fresh Concrete. The Scientific World Journal, 2014,
986567. Doi: 10.1155/2014/986567

5. Kawabata Y., Yamada K., Ogawa S., Sagawa Y. (2013):
Prediction of ASR expansion of fieldexposed concrete
based on accelerated concrete prism test with Alkali-
wrapping. Cement Science and Concrete Technology, 69,
449-455.

6. Fournier B., Bérubé M. A, Folliard K. J, Thomas M. (2010).
Report on the Diagnosis, Prognosis, and Mitigation of
Alkali-Silica Reaction (ASR) in Transportation Structures,
U.S. Department of Transportation. The Federal Highway
Administration. Technical Report No. FHWA-HIF-09-004.

7. Islam M. S, Akhtar S. (2013): Review: A Critical
Assessment to the Performance of Alkali-Silica Reaction
(ASR) in Concrete. Canadian Chemical Transactions, 1 (4),
253-266.

8. Islam M. Sh. (2010). Performance of Nevada’s aggregates
in Alkali-aggregate reactivity of Portland cement concrete.
Dissertation, Graduate College, University of Nevada, Las
Vegas.

9. Kawabata Y., Yamada K., Ogawa S., Sagawa Y. (2013):
Prediction of ASR expansion of fieldexposed concrete
based on accelerated concrete prism test with Alkali-
wrapping. Cement Science and Concrete Technology, 69,
449-455.

10. Mather B. (1999). How to make concrete that will not
suffer deleterious Alkali-silica reactions. Cement and
Concrete Research, 29, 1277-1280. Doi: 10.1016/S0008-
8846(98)00240-3

11. Poyet S., Sellier A., Capra B., Foray G., Torrenti J. M,
Cognon H., Bourdarot E. (2007): Chemical modelling of
Alkali Silica reaction: Influence of the reactive aggregate
size distribution. Materials and Structures, 40 (2), 229-239.
Doi: 10.1617/s11527-006-9139-3

12. Kagimoto H., Yasuda Y., Kinoshita, S., Kawamura, M.
(2014): Mechanisms of ASR Surface Cracking in a Massive
Concrete Cylinder. Concrete Research and Technology, 25,
201-211. Doi: 10.12989/acc.2015.3.1.039

13. Alnaggar M., Di Luzio G., Cusatis G. (2017): Modeling
Time-Dependent Behavior of Concrete Affected by Alkali
Silica Reaction in Variable Environmental Conditions.
Materials (Basel), 10 (5), 471. Doi: 10.3390/ma10050471

14.Li Z. (2011). Advanced Concrete Technology. John Wiley
& Sons, Inc., Hoboken, New Jersey.

15. Mumpton F. A. (1977). Mineralogy and Geology of Natural

16. Mravec D., Hudec J., Janotka I. (2005): Some possibilities
of catalytic and non-catalytic utilisation of zeolites.
Chemical Papers, 1 (59), 62—69.

17. Scott M., Auerbach K. A., Carrado P. K. (2003). Handbook
of zeolite science and technology. Dutta, eds. CRC Press, p.
16.

18. Somerset V. S., Petrik L. F., White R., Klinka M. J., Key
D., Iwuoha E. 1. (2005): Alkaline hydrothermal zeolites
synthesized from high SiO2 and AI203 co-disposal
fly ash filtrates. Fuel, 84, 2324-2329. Doi: 10.1016/j.
fuel.2005.05.012

19. Wang H., Pinnavaia T. J. (2006): MFI zeolite with small
and uniform intracrystal mesopores. Angewandte Chemie
International Edition, 45, 7603-7606. Doi: 10.1002/
ange.200602595

20.Jhaa B., Singhb D. N. (2011): A review on synthesis,
characterization and industrial applications of fly ash
zeolites. Journal of Materials Education, 33, 65 — 132.

21.Di Sabatino B., Gimeno D., Pace, C. (2011): Synthesis
and characterization of Na-X, Na-A and Na-P zeolites and
hydroxysodalite from metakaolinite. Clay Minerals, 46,
339-354. Doi: 10.1180/claymin.2011.046.3.339

22.Bouzabata H., Multona S., Selliera A., Houarib H. (2012):
Swellings due to alkali-silica reaction and delayed ettringite
formation: characterization of expansion isotropy and effect
of moisture conditions. Cement and Concrete Composites,
34 (3), 349-356. Doi: 10.1016/j.cemconcomp.2011.10.006

23.Bianchi G. Q., Garcia A. L., Geus J. W., Brouwers H. J.
H. (2013): Characterization of morphology and texture of
several amorphous nano-silica particles used in concrete.
Cement and Concrete Composites, 44, 77-92. Doi:
10.1016/j.cemconcomp.2013.05.006

24.Crucq P. (2005). Development of a method to measure
the mechanical behavior of ASR gels. Part I: Literature
Study; Alkali-silica reaction, causes, effect and prevention.
Microlab Civil Engineering and Geosciences, pp.31.

25.Nagrockiene D., Girskas G. (2016): Research into the
properties of concrete modified with natural zeolite
addition. Construction and Building Materials, 113, 964-
969. Doi: 10.1016/j.conbuildmat.2016.03.133

26. Tutanli L., Uzal B., Bektas F. (2005): Effect of large
amounts of natural pozzolan addition on properties of
blended cements. Cement and Concrete Research 35(6),
1106-1111. Doi: 10.1016/j.cemconres.2004.07.022

27.Goktepe A. B., Inan G., Ramayar K., Sezer A. (2006):
Estimation of sulfate expansion level of PC mortar
using statistical and neural approaches. Construction

Zeolites, Short Course Notes. Mineralogical Society of and Building Materials, 7, 441-449. Doi: 10.1016/j.
America, Washington DC, 4. conbuildmat.2005.01.041
Ceramics — Silikaty 65 (4) 317-325 (2021) 325



