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Abstract
Concrete is the most widely used construction material in the world. Therefore, the production of concrete with characteristics
such as high strength and durability has received the attention of researchers. In alignment with sustainable development
objectives, a pivotal focus within the construction industry has been the exploration of viable alternatives to conventional
cement. In this study, the mechanical characteristics and permeability of the prepared samples containing pozzolanic materials
(natural and synthetic) have been investigated by using the experimental method. To achieve the objectives of this research,
six unique concrete mix formulations were developed, each incorporating silica fume, metakaolin (as a synthetic pozzolanic
additive), and zeolite (as a natural pozzolanic substance). The performance outcomes of these mixes were then systematically
evaluated against a baseline mixture that did not contain any pozzolanic components. Four distinct curing methods were
employed: a humid environment (referred to as group A), a dry environment (designated as group B), and two corrosive
environments (denoted as groups C and D). Compressive strength tests were conducted at 7, 14, 28, and 90 days, alongside
indirect tensile strength tests at 28 and 90 days. Additionally, samples subjected to sulfuric solution (H2SO4) curing with a
controlled pHof 1 at 90 dayswere compared against standard curing conditions. The permeability of the sampleswas evaluated
through initial and final water absorption measurements, as well as penetration of water under pressure tests. Substituting
10% of the cement content with metakaolin and silica fume in the concrete mixing design enhanced the 28-day compressive
strength under both humid and dry curing conditions, as compared to the control mixture. Incorporating a 10% substitution of
cement with both natural and synthetic pozzolanic additives can beneficially preserve a portion of the compressive and tensile
integrity that is otherwise diminished by sulfuric acid exposure, relative to the standard mix. Furthermore, this substitution
enhances the mechanical robustness of the concrete. Replacing 10% of cement with natural and synthetic pozzolanic materials
has a positive effect on maintaining part of the compressive and tensile strength loss due to sulfuric acid attacks compared
to the control mixture, and the use of these materials improved the concrete’s mechanical performance. The results indicate
that incorporating pozzolanic materials (such as silica fume, metakaolin, and zeolite) leads to a reduction in initial water
absorption compared to the control mix. Notably, this reduction is more pronounced in samples containing silica fume than
in those containing metakaolin and zeolite.
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1 Introduction

Globalwarming and climate change are critical global issues.
Industrial carbon dioxide (CO2) emissions are the primary
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cause of global warming and ozone layer damage (Moein
and Soliman 2022; Moein et al. 2023; Aghapour et al. 2019;
Koushkbaghi et al. 2019; Tajasosi et al. 2023; Mousavinejad
et al. 2023; Rabehi et al. 2023). Despite the Intergovernmen-
tal Panel on Climate Change (IPCC) urging zero greenhouse
gas emissions by 2050, emissions continue to rise (Shah-
mansouri et al. 2021; Fathollahi-Fard et al. 2019). The
construction industry is a major greenhouse gas producer,
contributing around 50% of total emissions (Khasreen et al.
2009; MohtashamMoein et al. 2024). Cement, a key compo-
nent of concrete, consumes significant energy and releases
6–7% of CO2 during production (IPCC 2006; Taylor et al.
2006). To promote sustainability, researchers propose using
pozzolans—natural or synthetic materials—as supplemen-
tary cementitiousmaterials in concrete (Mansoori et al. 2020;
Tuan et al. 2011; Yazici et al. 2009; Beshkari et al. 2024;
Saradar et al. 2024; Nabighods et al. 2023; Sadrmomtazi
et al. 2012; Zareei et al. 2018). Regulations now recognize
their potential as cement substitutes.

Concrete faces challenges like acid attacks, which involve
the breakdown of hardened concrete by acids, particularly in
environments like silos and sewage systems (Madhuri et al.
2021). The acidity of a liquid is indicated by its pH value;
lower values mean higher acidity. Enhancing concrete’s
resistance to sulfate and alkali attacks can be achieved by
reducing its permeability. Research shows that incorporating
pozzolanic materials can decrease concrete’s permeability
(Madhuri et al. 2021;Najimi et al. 2012). Pozzolans also con-
tribute to concrete’s long-term durability and strength, while
also curbing CO2 emissions (Beshkari et al. 2024; Saradar
et al. 2024; Nabighods et al. 2023).

Natural zeolite (NZ) is a noteworthy natural pozzolan.
It possesses a three-dimensional structure surrounded by
Si–O and Al–O tetrahedra (Feng and Peng 2005; Sabet
et al. 2013). With honeycomb channels and pores measur-
ing approximately 0.0004–0.0003 µm, NZ offers significant
micro-porosity and favorable surface properties for civil
engineering applications (Sabet et al. 2013; Boles et al.
1977; Mertens et al. 2009; Moshoeshoe et al. 2017). His-
torically, NZ has been used in construction, akin to other
pozzolanic additives like silica fume (SF) and metakaolin
(MK). SF exhibits excellent rheological properties, high poz-
zolanic activity, and effective filling ability (Sasanipour et al.
2019;Ahmad et al. 2014;Khayat andAïtcin 1992;Al-Akhras
2006; Mohtasham Moein et al. 2022). MK, a thermally acti-
vated alumino-silicate available since the mid-1990s, reacts
rapidly with water, yielding significant hydration products
(Al-Akhras 2006; Sabir et al. 1996; Karahan et al. 2012).

Recent studies have focused on the impact of various
pozzolans on concrete properties. Sivakumar et al. (2017)
found that while glass fibers reduce the workability of
self-compacting concrete (SCC) and do not enhance its
compressive strength, they do improve tensile strength and

flexibility when used in higher doses. The combination of
MK and glass fibers, when used in appropriate amounts,
markedly enhances the mechanical strength and longevity of
SCC. Abdelli et al. (2017) observed that early compressive
strength of cement mortar is boosted by MK, but this effect
diminishes over time. Shen et al. (2017) noted thatMK accel-
erates cement hydration and mitigates the adverse thermal
effects on the microstructure of steam-cured high-strength
concrete (HSC), with an ideal MK content of around 10%.
Sabet et al. (2013) studied the impact of replacing cement
with zeolite, fly ash, and silica fume on concrete durability.
They found that zeolite reduced concrete fluidity more than
silica fume and fly ash, necessitating increased superplasti-
cizer use. Their research shows that using these pozzolans
significantly increases compressive strength and electrical
resistance while reducing water absorption. Rajasekar et al.
(2018) investigated Ultra High Strength Concrete (UHSC)
with recycled concrete aggregates and sugarcane bagasse
ash as a natural pozzolan. They achieved UHSC strengths
of approximately 160 MPa by replacing cement with this
pozzolanic material at a 15% weight ratio, without adverse
effects. Numerous studies have examined the incorporation
of natural zeolite into concrete. Table 1 summarizes the out-
comes of these studies, detailing the effects of varying zeolite
proportions on concrete and the results from assorted tests
on this concrete variant.

2 Significance of the investigation

In the last fewdecades, cement production has been one of the
leading causes of increasing air pollution and environmen-
tal destruction. With the expansion of urbanization and the
ever-increasing population, the demand for new structures as
well as improved infrastructure and buildings increases. The
total cost spent in the construction industry for new struc-
tures (residential and non-residential) was recorded at 11.4
trillion dollars in 2018, and it is predicted that this amount
will reach 15.5 trillion dollars in 2030 (Moein et al. 2023;
Maraveas 2020). Based on construction industry traditions,
the growth of investment in this industry is directly related to
the increase in the consumption of natural resources. In line
with the goal of sustainable development, in recent years,
many researchers have focused on using pozzolan as a part
of cement, but there is still a gap in the issues. To deal
with the aspects of concrete investigation that have received
less attention, the present study seeks to gain more knowl-
edge about concrete. Since concrete structures and elements
may be attacked by acids during their lifetime, the present
study investigates concrete containing pozzolan (synthetic
and natural) in 4 different curing conditions (wet, dry, wet
+ acidic, and dry + acid). The topics examined in this study
include: (1) investigating different percentages of pozzolan,
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Fig. 1 The overview of the study process

(2) comparing the performance of mixtures containing dif-
ferent pozzolans with the control mixture, (3) comparing the
performance of mixtures under different curing conditions,
(4) comparing the performance of mixtures under curing in
standard and acidic conditions, (5) examining mixture resis-
tance (compressive and tensile), (6) examining initial and
final water absorption in different ages, (7) examining water
permeability under pressure, 8. Monitoring the resistance of
mixtures from 7 to 90 days. Figure 1 provides an overview
of the study’s overarching process.

3 Experimental program

3.1 Materials

Materials used in this study include cement, aggregate (sand
and gravel), pozzolan (metakaolin, silica fume, and natu-
ral zeolite), water, and superplasticizer. In this study, type I
cement according toASTMC150 (ASTMCommitteee 2016)
was considered. Table 2 shows the chemical characteristics of
used cement. River sand utilized in this study exhibits a water
absorption rate of 1.1% and a particle size distribution with a
maximum dimension of 9.5 mm, which follows ASTM C33
standards (ASTM International 2016). The specific mass of
the consumed gravel in the Saturated SurfaceDry (SSD) con-
dition was equal to 2611 kg/m3 and its water absorption was
2.4% and had a maximum aggregate size of 25 mm. The par-
ticle size distribution of the aggregates used is following the
ASTM C33 (ASTM International 2016) standard. Figure 2
shows a view of the consumed aggregate particle size distri-
bution. In this study, three types of pozzolans (metakaolin,
silica fume, and natural zeolite) were used. Table 2 shows the

specifications of the pozzolans. The superplasticizer used in
this study is polycarboxylate-based and has a specific gravity
of 1.2 ± 0.05 gr/cm3. The specifications of the superplasti-
cizer are reported in Table 3.

3.2 Mixing design

Table 4 shows the characteristics of different mixtures in this
study. To achieve the goals of this research, a total of 6 differ-
ent mixtures were considered. Metakaolin, silica fume, and
zeolite have been replaced as pozzolanic materials with 10%
of the cement used. Also, natural zeolite pozzolans have been
replaced with cement with 7.5 and 5% weight percentages.
In one mixture, silica fume and zeolite were substituted for
cement to determine the impact of the combination of nat-
ural and synthetic pozzolanic materials on the compressive
strength test results. The ratio of water to cement materials
for all samples was considered a constant value equal to 0.5.

Figure 3 shows how to name different mixtures. In this
regard, the first mixture was considered the control mixture.
The second mixture, M10, contains 10% metakaolin. The
third mixture, S10, contains 10% silica fume. Mixtures 4
(Z10), 5 (Z7.5), and 6 (Z5) contain 10, 7.5, and 5% of natu-
ral zeolite, respectively. Finally, a mixture called Z5S5 (5%
natural zeolite + 5% silica fume) was considered to inves-
tigate the combined effect of silica fume and natural zeolite
on compressive strength.

In order to make the samples in the laboratory, aggregates
are first mixed with water in a mixer. Then, the desired mix-
ture of cement and pozzolan is added, and the remaining
water along with the superplasticizer is added to the mix-
ture. The resulting mixture was mixed for 4 min. Finally, the
concrete is poured into cubic and cylindrical molds, and the
vibration compaction process is performed on the samples
according to the standard.

3.3 Curing

Figure 4 shows a view of this study’s methods of curing the
mixtures. After making the mixing designs, the samples are
kept in the mold for 24 h in laboratory conditions, then they
are divided into 4 curing groups.

• Curing group A includes mixtures that were cured in a
humid environment (in a water pool at a temperature of 20
± 2 °C).

• Curing group B includes mixtures that were cured in a dry
environment (in a laboratory environment at a temperature
of 25 °C).

• Curing group C includes mixtures that were cured for 28
days in a humid environment and then cured in a sulfuric
acid solution with pH = 1 for 90 days.
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Table 2 Chemical properties of
type I cement and pozzolans Composition Cement Silica fume (S) Metakaolin (M) Natural zeolite (N)

SiO2 21.55 89.22 52.2 70.96

Al2O3 5.56 1.2 42.5 14.52

Fe2O3 3.46 2.12 1.4 2.44

CaO 63.95 1.87 0.2 3.52

MgO 1.85 1.61 0.21 0.74

K2O 0.53 1.06 0.33 2.25

Na2O 0.37 56 0.12 3.75

SO3 2.01 – 0 –

TiO2 0.01 – – –

LOI 0.12 2.6 0.97 1.28

Cement Silica fume (S) Metakaolin (M) Natural zeolite (N)

Chemical composition (%)

SiO2 21.55 89.22 52.2 70.96

Al2O3 5.56 1.2 42.5 14.52

Fe2O3 3.46 2.12 1.4 2.44

CaO 63.95 1.87 0.2 3.52

MgO 1.85 1.61 0.21 0.74

K2O 0.53 1.06 0.33 2.25

Na2O 0.37 56 0.12 3.75

SO3 2.01 – 0 –

TiO2 0.01 – – –

LOI 0.12 2.6 0.97 1.28

Physical properties

Specific surface (m2/g) 0.328 17.43 3.87 0.316

Specific gravity 3.16 2.19 2.54 2.33

Fig. 2 Particle size distributions
of the sand and gravel
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Table 3 Specifications of the
superplasticizer Technical features

Physical state Color Specific weight Chemical base Amount of chloride

Liquid Light brown 1.2 ± 0.05 g/cm3 Polycarboxylates Insignificant

Table 4 Specifications of mixed designs

No. Mix ID Cement
(kg/m3)

Metakaolin
(kg/m3)

Silica
fume
(kg/m3)

Natural
zeolite
(kg/m3)

Water
(kg/m3)

Gravel
(kg/m3)

Sand
(kg/m3)

Gravel/sand SP
(kg/m3)

Slump
(cm)

1 Control 350 0 0 0 175 1003 872 1.15 0 9

2 M10 315 35 0 0 175 1003 872 1.15 1.05 8

3 S10 315 0 35 0 175 1003 872 1.15 0.875 8.5

4 Z10 315 0 0 35 175 1003 872 1.15 0.7 9.5

5 Z7.5 323.75 0 0 26.25 175 1003 872 1.15 0.525 9

6 Z5 332.5 0 0 17.5 175 1003 872 1.15 0.35 8.7

7 Z5S5 315 0 17.5 17.5 175 1003 872 1.15 0.7 9

Fig. 3 Methods of naming mixtures

• Curing group D includes mixtures that were cured in a dry
environment for 28 days and then cured in sulfuric acid
solution with pH = 1 for 90 days.

Due to the reaction of acid with concrete samples, the
concentration of acid decreased over time. To prevent this,
the pH of the solution was controlled weekly and maintained
within the range of 1 by adding acid.

3.4 Tests

The slump testwas performed according to theASTMC1611
(2018) standard (Fig. 5), and the compressive strength test
was performed according to the ASTM C39 (2003) standard
on cubic samples with dimensions of 100 × 100 × 100 mm.
The splitting tensile strength test was performed according
to the ASTM C496 (2004) standard on cylindrical samples
with dimensions of 300 × 150 mm. According to ASTM

Fig. 4 Curing methods

C642 (2013), the water absorption test was performed on
cubic samples with dimensions of 100 × 100 × 100 mm.
Also, following the BS EN 12390-8 (2003) standard, a water
penetration test under pressure was performed using cylin-
drical samples with dimensions of 300 × 150 mm. Figure 6
provides a clearer guide on how to perform the tests and the
ages of the test concrete samples. Figure 7 shows a view of
the molds and samples used in the tests.
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Fig. 5 Slump test

Fig. 6 Test details

4 Results and discussion

4.1 Slump

The results of the slump test for the control mixture and the
mixtures containing pozzolanic materials according to the
amount of superplasticizer are presented in Table 4. Also,
Fig. 8 shows a view of the different mixtures’ slump results.
According to the results, among themixtures containing 10%
pozzolanic materials, the lowest amount of superplasticizer
required to reach the slump of the control design (9 cm)

Fig. 7 Molds and samples used in tests

corresponds to the sample containing 10% zeolite (Z10).
Figure 9 compares the results of utilizing various pozzolans
(zeolite, silica fume, metakaolin, and fly ash) from previous
research with the current study. In the samples containing
zeolite with an increasing percentage of zeolite replacement,
the amount of superplasticizer required tomaintain the slump
has increased, which can indicate zeolite’s negative effect
in increasing the friction between particles as well as its
relatively higher water absorption. In general, the presence
of pozzolanic materials such as silica fume and metakaolin
absorbsmorewater than cement due to their smaller particles,
and this reduces the fluidity of fresh concrete, which requires
muchmore superplasticizer to compensate. This is especially
true for samples containing silica fume due to the very high
specific surface area of silica fume particles compared to
cement particles. This difference increases the amount of
superplasticizer required to achieve the desired smoothness
by increasing the percentage of zeolite consumption.
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Fig. 8 Slump test results and
consumable superplasticizer
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4.2 Water absorption

Table 5 and Fig. 10 show the results of the different mixtures’
initial and final water absorption at 7, 28, and 90 days. The
results of the initial water absorption test show that, in the
normal curing method (humid curing = group A), replacing
10% of cement with silica fume or metakaolin will decrease
the initial water absorption compared to the control sample,
so that the initial water absorption of the mixture of M10
and the S10 mixture is lower than the control sample at 7,

28 and 90 days. The examination of the results also shows
that using 10% zeolite (Z10) as a substitute for cement in the
normal curingmethodwill reduce the initial water absorption
compared to the control sample at 90 days; while at 7 and
28 days, the initial water absorption of this sample has not
changedmuch compared to the control sample. By increasing
the replacement percentage of zeolite in the concretemixture,
an increase in initial water absorption was obtained for the
mixtures cured under normal conditions (group A) at 7, 28,
and 90 days. For the normal curing method, the lowest initial
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Fig. 10 Results of the different
mixtures’ water absorption
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Table 5 Results of the different mixtures’ water absorption

No. Mix
code

Humid curing (Group A) Dry curing (Group B)

WA WA

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final

7 days 7 days 28
days

28
days

90
days

90
days

7 days 7 days 28
days

28
days

90
days

90
days

1 Control 3.356 5.443 2.359 5.132 2.304 5.085 3.553 5.811 2.452 5.380 2.412 5.299

2 M10 2.824 5.039 2.310 4.937 2.033 4.744 3.187 5.296 2.401 5.300 2.266 5.101

3 S10 2.426 3.749 1.756 3.611 1.663 3.428 2.785 4.308 1.833 4.148 1.777 3.925

4 Z10 3.302 5.123 2.503 4.977 2.153 4.816 3.401 5.795 2.827 5.418 2.406 5.188

5 Z7.5 2.465 6.410 2.309 5.225 1.871 5.033 3.648 6.583 3.581 6.101 3.055 5.828

6 Z 5 2.241 6.327 2.281 5.413 1.815 5.225 4.304 6.571 3.718 6.410 3.249 6.028

7 Z5S5 2.238 4.983 2.107 4.125 1.92 4.201 3.233 4.651 2.089 5.143 2.088 4.471

WA water absorption

water absorption at all ages is related to the sample containing
silica fume.

The water absorption results of mixtures cured in a dry
environment (group B) at 7, 28, and 90 days can be seen
in Table 5 and Fig. 10. In this regard, replacing 10% of the
used cement with pozzolanic materials such as silica fume,
metakaolin, and zeolite will reduce the initial water absorp-
tion compared to the control design. The decrease in water
absorption for the sample containing silica fume is more
than the sample containing metakaolin and zeolite. Among

the mixtures containing 10% pozzolanic materials, the sam-
ple containing silica fume (S10) has the lowest final water
absorption, which of course can be due to the higher poz-
zolanic activity of silica fume and the smaller size of its
particles compared to metakaolin and zeolite. The results
also show that, in the mixtures cured under normal con-
ditions, the mixture containing metakaolin and zeolite has
almost the same final water absorption compared to the con-
trol mixture. Naturally, the amount of water absorption for
the sample containing zeolite is slightly higher than the sam-
ple containing metakaolin. Examining the results obtained

123



Multiscale and Multidisciplinary Modeling, Experiments and Design

Control M10 S10 Z10 Z7.5 Z5 Z5S5
0

10

20

30

40

50

0

10

20

30

40

50
C

o
m

p
re

ss
iv

e 
St

re
n

gt
h

 (
M

P
a)

 

Mix Code

 Humid Curing

 Dry Curing

7 Days

Control M10 S10 Z10 Z7.5 Z5 Z5S5
0

10

20

30

40

50

0

10

20

30

40

50

C
o

m
p

re
ss

iv
e 

St
re

n
gt

h
 (

M
P

a)
 

Mix Code

 Humid Curing

 Dry Curing

14 Days

)b()a(

Control M10 S10 Z10 Z7.5 Z5 Z5S5
0

10

20

30

40

50

60

0

10

20

30

40

50

60

C
o

m
p

re
ss

iv
e 

St
re

n
gt

h
 (

M
P

a)
 

Mix Code

 Humid Curing

 Dry Curing

28 Days

Control M10 S10 Z10 Z7.5 Z5 Z5S5
0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

70

C
o

m
p

re
ss

iv
e 

St
re

n
gt

h
 (

M
P

a)
 

Mix Code

 Humid Curing

 Dry Curing

90 Days

)d()c(

Fig. 11 Compressive strength of different mixtures a 7 days, b 14 days, c 28 days, d 90 days

by other researchers regarding the effect of pozzolanic mate-
rials on the amount of water absorption of concrete mixtures
shows that, according to the nature of pozzolanic reactions,
the use of cement substitutes reduces the amount of lime and
improves the concrete’s permeability (Mansoori et al. 2020;
Singh and Singh 2016; Ramezanianpour 2014; Tahmouresi
et al. 2021; Saradar et al. 2020). The final water absorption
results for the samples processed under normal conditions
(group A) show that, with the increase in the percentage of
zeolite, the final water absorption decreases at 28 and 90
days.

4.3 Compressive strength (7, 14, 28 and 90 days)

Figure 11 shows the compressive strength results of the mix-
tures at 7, 14, 28, and 90 days. The obtained results show that,

in general, the compressive strength of humid curing (nor-
mal curing) is higher than the dry curing method. This can be
due to a better hydration process (completion of hydration
process) in humid curing conditions. Also, Fig. 12 shows
the improvement of compressive strength during curing in
a humid environment (group A) compared to a dry environ-
ment (group B). In addition, Fig. 13 presents the comparison
of the compressive strength of mixtures containing pozzolan
with the control mixture.

4.3.1 Compressive strength (7 days)

The differentmixes’ compressive strength at 7 days is evident
in Fig. 11a. The biggest difference between the 7-day com-
pressive strength results of the two curing methods is related
to the mixture containing 10% pozzolanic zeolite (Z10). By
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Fig. 12 Compressive strength (comparison of humid and dry curing
conditions)

changing the curing method from dry to humid (from B to
A) for this mixture, the 7-day compressive strength increases
by 24.11% (Fig. 12). The results also show that changing the
curing method had the least effect on the 7-day compressive
strength of the sample containing 10% metakaolin (M10),
so this mixture’s 7-day compressive strength under normal
curing is about 2.5% higher than the dry curing. In general,
by increasing the replacement percentage of zeolite in the
concrete mixture (from 5 to 10%), the effect of changing
the curing method (from dry to normal) on the 7-day com-
pressive strength increases. In the mixture containing 5%
zeolite (Z5), with the change of curing method from dry to
normal, the compressive strength will increase by 5.21%.
This amount for the sample containing 7.5% zeolite (Z7.5)
equals 13.6%. Substitution of 5, 7.5, and 10% of Portland
cement with natural zeolite pozzolan reduces the compres-
sive strength compared to the control mixture. Increasing the
replacement percentage of natural zeolite pozzolan (from
5 to 10%) in the concrete mixture has resulted in a rela-
tive improvement of the 7-day compressive strength, which
can be attributed to the filler effect of this material and the
improvement of the concrete mixture’s structure. Figure 13a
shows that, in the normal curing method, only the sample
containing 10% silica fume (S10) has a higher 7-day com-
pressive strength than the control sample. In the dry process
method, the mixture containing silica fume (S10) had the
best results for 7-day compressive strength, so the compres-
sive strength of this mixture is about 31% higher than the
control mixture. The results also show that replacing differ-
ent amounts of 5%, 7.5%, and 10% of cement with zeolite
reduces the 7-day compressive strength in both dry and nor-
mal curing methods compared to the control mixture. So that

the greatest reduction occurred during 5% replacement (Z5)
and the lowest reduction occurred during 10% replacement
(Z10). The sample containing the combination of zeolite and
silica fume (Z5S5) had a lower 7-day compressive strength in
normal curing and a higher 7-day compressive strength in dry
curing compared to the control mixture. Replacing a part of
zeolite with silica fume and using these two pozzolanicmate-
rials will improve the performance of the sample in the 7-day
compressive strength test compared to the sample containing
only zeolite. This can be due to the much stronger pozzolanic
activity of silica fume compared to zeolite.

4.3.2 Compressive strength (14 days)

The results of the compressive strength test at 14 days show
that the highest compressive strength for both dry and humid
curing methods is related to the replacement of 10% silica
fume (S10) (Fig. 11b). As expected, the results show that the
14-day compressive strength of the normal curing method
(group A) for all samples is better than the results of the
dry curing method (group B). The highest increase in 14-
day compressive strength as a result of changing the curing
method from dry to normal is related to the mixture contain-
ing 10% zeolite (Z10) (Fig. 12). The amount of compressive
strength improvement in the Z10mixture due to changing the
curing method was equal to 46.9%. This amount for similar
samples containing silica fume (S10) and metakaolin (M10)
is equal to 7.7 and 8%, respectively. The control mixture’s
14-day compressive strength cured by the humid method
is 21.4% higher than the control mixture cured by the dry
method (Fig. 13b). Comparing the results of compressive
strength at 7 and 14 days shows the effect of pozzolanic activ-
ity, especially in mixtures containing metakaolin and silica
fume, on improving compressive strength. This confirms the
slower pozzolanic reaction of natural zeolite pozzolan com-
pared to metakaolin and silica fume. So that the pozzolanic
reaction, natural pozzolans take place slowly, and accord-
ingly, they need a longer curing time than normal concrete
in order to achieve the desired strength. Mixtures M10 and
S10, which contain 10% pozzolan, in both dry and normal
curing modes have resulted in higher 14-day compressive
strength than the control mixture. So that the increase in 14-
day compressive strength of both M10 and S10 mixtures
that were cured in a dry environment is more than the con-
trol mixture cured in a humid environment. This issue also
applies to the sample containing the combination of zeolite
and silica fume (Z5S5). All the samples containing only zeo-
lite pozzolan in the dry curing method have a lower 14-day
compressive strength than the control mixture.
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Fig. 13 Comparison of compressive strength of mixtures containing pozzolan with the control mixture

4.3.3 Compressive strength (28 days)

According to Fig. 11c, the results show that the highest
28-day compressive strength in both dry and normal cur-
ing methods is related to the mixture containing 10% silica
fume (S10). Examining the results shows that, similar to the
results obtained from the compressive strength test at 7 and
14 days and as expected at 28 days, all the mixtures obtained
better compressive strength under the normal curing method
(group A) than the dry curing method (group B). The biggest
difference between the 28-day compressive strength of the
two curing methods is related to the mixture containing 5%
zeolite (41.5%), and with the increase in the replacement
percentage of zeolite, the difference in the two curing meth-
ods’ 28-day compressive strength has decreased. The results
also show that the lowest difference between the 28-day com-
pressive strength of the two dry and normal curingmethods is

related to the mixture containing 10% silica fume (6%). This
value is 22.7% for the control mixture (Fig. 12). The differ-
ence between the 28-day compressive strength of the samples
containing pozzolanic materials and the control mixture for
the two dry and normal curing methods is shown in Fig. 13c.
According to the results of 28-day compressive strength and
its comparison with the results at 7 and 14 days, two issues
canbe investigated: (1) the effect of natural pozzolanic zeolite
and (2) its comparison with synthetic pozzolanic materi-
als (silica fume and metakaolin). The results show that, in
general, the concrete mixtures containing silica fume and
metakaolin (synthetic pozzolanic materials) at the early ages
of 7 and 14 days, and at 28 days, have higher compressive
strength than the control mixture. While the results obtained
for the mixtures containing natural pozzolan show zeolite,
the replacement of this pozzolan instead of cement until 28
days has led to a decrease in compressive strength compared
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to the control mixture. It seems that in the long run, zeo-
lite can play a more impactful and colorful role in concrete.
Sičáková et al. (2017) also mention this point in their study.
The lower specific surface area and lower active silica con-
tent are possible reasons for the slow activity of pozzolanic
zeolite. This issue leads to a decrease in the pozzolanic reac-
tion process and leads to a decrease in the cement’s hydration
rate by absorbing part of the concrete water. Also, replacing
10% metakaolin or silica fume in the concrete mixing plan
will improve the 28-day compressive strength in both normal
and dry curing methods, compared to the control mixture. In
the sample containing zeolite and silica fume combination
(Z5S5), the 28-day compressive strength increased compared
to the controlmixture of both curingmethods compared to the
control mixture. According to Fig. 13c, the performance of
the Z5S5 mixture shows that the increase in the compressive
strength of this mixture (compared to the control mixture) is
better in dry than humid curing.

4.3.4 Compressive strength (90 days)

Figure 11d presents the results of the 90-day compressive
strength test for the control mixture and other prepared sam-
ples containing pozzolan. The results show that, at 90 days,
as well as at 7, 14, and 28 days, the highest compressive
strength is related to the mixture containing 10% silica fume
(S10). According to Fig. 12, in mixtures containing zeo-
lite (Z10, Z7.5, and Z5) the greatest difference between the
compressive strength resulting from humid curing and dry
curing is revealed at 90 days. Also, with an increase in the
replacement percentage of zeolite, the effect of pozzolan
on the development of compressive strength in dry curing
decreases. Changing the curing method from dry to normal
increases the 90-day compressive strength of the controlmix-
ture by 23.6%. This value is equal to 16.36% and 9.9% for
the mixtures containing 10%metakaolin (M10) and the mix-
ture containing 10% silica fume (S10), respectively. In the
normal curing method, the 90-day compressive strength of
all mixtures containing pozzolanic materials is higher than
the control design (Fig. 13d). While the results related to the
compressive strength at 7, 14, and 28 days show that the mix-
tures containing zeolite pozzolan at these ages cured by the
usualmethod gave a lower compressive strength than the con-
trol mixture overall. This shows the low pozzolanic activity
of zeolite compared to metakaolin and silica fume. The poz-
zolanic reaction of most natural pozzolans, including natural
zeolite, is slow compared to synthetic pozzolanic materials
such as silica fume andmetakaolin, and accordingly, samples
containing zeolite need a longer curing time than ordinary
concrete to achieve the desired resistance. Therefore, the pos-
sible reason for the growth of strength by curing up to 90 days
in the usual way is the slow pozzolanic reaction of zeolite,
which has helped improve the internal structure and increase

the concrete’s compressive strength. According to Fig. 11d,
the compressive strength of all samples containing zeolite in
dry curing is lower than the control mixture.

4.3.5 The general trend of compressive strength from 7
to 90 days

Figure 14 shows the general trend of the compressive strength
of the cured mixtures in groups A and B from 7 to 90 days.
The results show that the greatest increase in compressive
strength from 7 to 90 days is related to the mixture con-
taining 5% zeolite (Z5), so the compressive strength of this
mixture has increased by about 94% as the mixture ages
from 7 to 90 days; the comparison of mixtures containing
10% pozzolan also shows that the mixture containing silica
fume (S10) has a higher compressive strength growth from
7 to 90 days compared to the mixtures containing zeolite
(Z10) and metakaolin (M10). In the dry curing method, the
greatest increase in compressive strength due to the increase
in the age of the mixture from 7 to 90 days is related to the
mixture containing 10% zeolite (Z10). So that the compres-
sive strength of this mixture has increased by 50.2% from
7 to 90 days. The values for mixtures containing 10% silica
fume (S10) and 10% metakaolin (M10) are 48.2% and 49%,
respectively.

4.3.6 Correlation between compressive strength results
(from 7 to 90 days)

Figure 15 shows the correlation between the compressive
strength of mixtures at different times. Figure 15a shows that
there is a correlation between the mixtures and the compres-
sive strength of the mixtures cured in the humid environment
(group A). The R2 value obtained for different mixtures
confirms the acceptable correlation between the compres-
sive strength results. In terms of statistical practice, an R2

higher than 0.7 indicates an acceptable model (Rahmati et al.
2022; Bodt et al. 1997;MohtashamMoein et al. 2019, 2023).
Figure 15b also indicates a favorable correlation between the
compressive strength results of curingmixtures in a dry envi-
ronment (group B).

4.4 Tensile strength

Figure 16 shows the tensile strength results of different mix-
tures at 28 and 90 days. According to the graphs presented
in Fig. 16, except for the Z5 mixture, the tensile strength
of the sample cured in normal conditions (group A) is bet-
ter compared to the same sample cured in dry conditions
(group B). Figure 17 shows the trend of the tensile strength
of the mixtures cured in the humid environment compared to
the dry curing environment for 28 and 90 days. The biggest
difference between the tensile strength of normal and dry
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Fig. 14 Compressive strength process from 7 to 90 days a humid curing, b dry curing
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Fig. 15 Correlation between compressive strength results a humid curing, b dry curing

methods is related to the sample containing 10% zeolite
(Z10), so for this mixture, by changing the curing method
from dry to normal, the tensile strength increases by 32.8%.
This value for samples containing 10% silica fume (S10)
and 10% metakaolin (M10) is equal to 22.2% and 23.4%,
respectively; for the sample containing 5% zeolite (Z5), by
changing the curing method from dry to normal, the ten-
sile strength decreased by 1.2%. Also, changing the curing
method from dry to normal improved the tensile strength by
10.6% for the control sample.

Figure 18 compares the tensile strength of the 28- and
90-day mixtures containing pozzolanic materials compared
to the control mixtures. Figure 18 shows that, in the normal
curing method, replacing 10% of the used cement with sil-
ica fume pozzolanic materials, metakaolin, and zeolite will
improve the tensile strength. The highest increase in tensile
strength compared to the control sample is related to the

sample containing silica fume (S10). Also, the examination
of the results shows that in the normal curing method, the
tensile strength of the mixture containing 10% zeolite has
increased the most compared to the control mixture, and the
tensile strength of the sample containing 5% zeolite (Z5) has
decreased by 4% compared to the control mixture. In the
dry curing method (group B), the samples containing 10%
metakaolin (M10) and 10% silica fume (S10) have better
tensile strength than the control mixture, while the tensile
strength of the sample containing 10% zeolite (Z10) in this
the curing method is 2.4% lower than the control mixture.
In the dry curing method, by reducing the replacement per-
centage of zeolite, the tensile strength increased compared
to the control mixture, so the tensile strength of the sample
containing 5% zeolite (Z5) has increased by 7.5% compared
to the control mixture.
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Fig. 16 Tensile strength results of different mixtures a 28 days, b 90 days
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Fig. 17 Tensile strength of mixtures cured in a humid environment
(group A) compared to a dry curing environment (group B)

The results show that in both curing methods (A and B),
the samples containing silica fume (S10) and metakaolin
(M10) have better tensile strength than the mixture contain-
ing zeolite and the controlmixture. The results also show that,
by changing the curing method from dry to normal, mixtures
containing silica fume have the least amount of change in 90-
day tensile strength compared to other mixtures. This value
is 3% for the mixture containing metakaolin and about 1%
for the mixture containing silica fume.While the 90-day ten-
sile strength of the mixture containing 10% zeolite increases
by 22.3% by changing the curing method, this value is equal

to 10.5 and 6% for the mixtures containing 7.5% (Z7.5) and
5% (Z5) zeolite, respectively.

All the mixtures containing pozzolanic materials in both
dry and normal curing methods have resulted in higher ten-
sile strength than the control mixture. In the normal curing
method, the highest increase in 90-day tensile strength com-
pared to the control mixture is related to the mixing scheme
containing 10% metakaolin (M10). The results show that
among the mixtures containing zeolite (Z10, Z7.5, and Z5),
the mixture containing 5% zeolite in the dry curing method
recorded a greater increase in tensile strength compared to
the control mixture.

4.5 Correlation of compressive and tensile strength/
normal curing (group A and B)

Based on the general exponential relationship referenced in
most international authoritative sources such as ACI 318,
Eq. (1) between compressive and tensile strength is generally
established, but the coefficients of this relationship (n and K)
differ in different researches.

fspt = K ( fc′)n (1)

In Eq. (1), f’c is the 28-day characteristic compressive
strength under standard conditions, and fspt is the splitting
tensile strength of 28 days under standard conditions. K and
n are also among the constants of the equation. Table 6 shows
a report of the K and n constants based on different studies.

Figure 19 shows the relationship between compressive
and tensile strength and compares it with the formulas pro-
posed in Table 6. The results of the correlation between
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Fig. 18 Tensile strength results of mixtures containing pozzolan compared to the control mixture a 28 days, b 90 days
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Fig. 19 Relationship between compressive and tensile strength a humid curing (group A), b dry curing (group B)

the compressive and tensile strengths compared to the ACI
318 relationship show the upper-hand results in such a way
that, on average, compared to the ACI relationship, the esti-
mated relationship obtained from the experimental results
was 5.36% higher. The ACI relationship, which is used for
standard conditions and normal concrete, provides a lower
estimate than the experimental data for normal conditions in
this part of the study. In this regard, we can point out two
possible cases that can be responsible for this trend (1) better
bonding between aggregates due to the addition of pozzolan,
(2) internal curing due to the moisture retention of zeolite.

4.6 Compressive and tensile strength results
after exposure to acidic environments

4.6.1 Compressive strength/acidic environment

The performance of samples cured in a sulfuric acid envi-
ronment (with pH equal to 1) was investigated to better
understand the resistance of concrete mixtures containing
pozzolanic materials (such as silica fume, metakaolin, and
zeolite) against acid attacks. For this purpose, compressive
and tensile strength tests for samples cured in group C (28
days of curing in humid conditions and continued curing in
acid) and group D (28 days of curing in dry conditions and
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Table 6 Constant coefficients of the relation of compressive and tensile
strength based on different sources

No. Sources K n

1 ACI 318 (1994) 0.56 0.5

2 ACI 363R (Russell et al. 1997) 0.59 0.5

3 Gardner et al. (1988) 0.47 0.59

4 Nihal (Arioglu et al. 2006) 0.387 0.63

5 JCI (Sato et al. 2008) 0.13 0.85

6 JSCE (Uomoto et al. 2008) 0.23 0.67

7 CEB-FIB (Commitee for The Model
Code 1990 1990)

0.3 0.67

8 Raphael (1984) 0.313 0.667

9 Shah and Ahmad (1985) 0.462 0.55

10 Oluokun et al. (1991) 0.294 0.69
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Fig. 20 Compressive strength of the mixtures in acidic conditions

continued curing in acid)were evaluated, and the loss of com-
pressive and tensile strength was measured for each sample.
Figure 20 shows the compressive strength test results of the
cured mixtures (groups C and D) in acidic environments.
The highest compressive strength after curing in an acidic
environment under the normal curing method (group C) cor-
responds to the sample containing 10% silica fume (S10).
Concrete samples are drawn in Fig. 21 to measure the lost
compressive strength after being placed in an acidic envi-
ronment. According to Fig. 21, the sample containing 10%
metakaolin (M10) had the lowest decrease in compressive
strength after exposure to the acidic environment. In general,
replacing 10% of cement with pozzolanic materials such as
silica fume, metakaolin, and zeolite will improve concrete
sample performance in an acidic environment. In this regard,
the performance of the sample containing zeolite compared
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Fig. 21 The amount of drop in compressive strength exposed to acid

to the samples containing silica fume andmetakaolin showed
a weaker performance and resulted in a greater drop in com-
pressive strength. In a study, Roy et al. (2001) alsomentioned
the positive effect of using different pozzolanic materials on
the performance of concrete exposed to acidic environments.
Although generally, silica fume shows higher durability than
metakaolin, the available documents have significant differ-
ences, including in the ratio of water to cement materials, as
well as the replacement percentage of additives (Kosmatka
et al. 2002). Kosmatka et al. (2002), while investigating the
performance of pozzolan-containing concrete against sulfu-
ric acid attacks, reached the conclusion that, by increasing
the replacement percentage of pozzolanic materials with
cement, the performance of concrete against acid attacks
improves. Extensive studies have also been conducted in
order to improve the durability of concrete in harmful envi-
ronments containing acidic agents. The results of the research
show that, due to the vulnerability of cement hydration mate-
rials such as lime crystals andC–S–Hgel against sulfuric acid
attacks, avoiding cement materials as much as possible will
improve performance in an acidic environment. In general,
pozzolanic materials can play a positive role in reducing the
severity of corrosion and preventing the reduction of con-
crete’s compressive strength. Examining the Z10, Z7.5, and
Z5 mixtures shows that increasing the replacement of zeolite
from 5 to 10% reduces the intensity of compressive strength
reduction.

4.6.2 Tensile strength/acidic environment

Figure 22 shows the tensile strength results of different con-
crete mixtures exposed to acidic environments. The highest
tensile strength after exposure to an acidic environment (for
curing groups C and D) is related to the mixture contain-
ing 10% metakaolin (M10). Also, the results show that,
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Fig. 22 The mixtures’ tensile strength in acidic conditions
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Fig. 23 The decrease in tensile strength when exposed to acid

among the mixtures containing 10% of cement substitutes,
the lowest acid tensile strength is related to the mixture con-
taining zeolite. In the samples containing zeolite, the tensile
strength increaseswith the replacement percentage of zeolite.
Figure 23 shows the decrease in the concretemixture’s tensile
strength due to acid exposure. The highest tensile strength
drop is related to the sample containing 5% zeolite (Z5).
The comparison of the samples containing 10% pozzolanic
materials instead of cement also shows that the highest drop
in tensile strength is related to the sample containing zeolite.
In general, comparing the results of the mixtures containing
pozzolanic materials with the results of the control sample
shows that, in the normal curing method (group C), only
the sample containing metakaolin (M10) shows a lower ten-
sile strength loss than the control mixture. Replacing 10% of
mixed cement with natural and synthetic pozzolan materials

such as zeolite, silica fume, and metakaolin has a positive
effect on compressive and tensile strength, and the use of
these materials improves concrete performance against sul-
furic acid attacks. This applies to both dry and normal curing
methods (group C and D).

4.7 Correlation of compressive and tensile
strength/acid curing (groups C and D)

With the intensification of unfavorable conditions and the
effects of an acidic environment, it is observed that the
compressive and tensile strength decrease, but it should
be noted that the speed of their resistance decrease (com-
pressive and tensile) is different. Strength reduction occurs
faster for tensile strength compared to compressive strength.
This decrease in tensile strength compared to compressive
strength can be attributed to acid infiltration in the border
area of aggregate transfer and a decrease in aggregate bond
strength with cement matrix. On the other hand, the forma-
tion of calcium sulfate resulting from the acid reaction with
the cement matrix helps to reduce the drop in compressive
strength to some extent, and these two possible factors can
be considered effective for this reduction overall. According
to the ACI relationship, the increase in the distance of tensile
strength results due to the increase in compressive strength
can raise the possibility of strengthening the internal porosity
due to the formation of sulfate. Figure 24 shows that the ACI
relationship provides a higher estimate than themathematical
relationship obtained from the results of the mixtures located
in acidic environments, which is 4.47% higher on average.

4.8 Water penetration under pressure

After curing the samples by two methods, dry and normal,
until 90 days, the permeability test was performed on the
samples. Table 7 shows the results of permeability under
pressure of different mixtures. Concrete’s degree of perme-
ability under the effect of water movement with pressure
is an inherent characteristic of concrete, which depends on
parameters such as placement and geometric order and the
characteristics of the constituent particles of concrete. This
issue is controlled by the density and porosity of the paste and
the cement’s hydration and transition area. Capillary holes
and gel holes are distributed in the hydrated paste. The gel
holes are very small and at the same time, they forma free net-
work that has very low permeability, while there are capillary
voidswith larger spaces between cement particles. Therefore,
better permeability (lower) in concrete is directly related to
the reduction of capillary voids. Concrete samples can have
a lower permeability if (1) the pozzolanic materials in them
have a high degree of hydration, and (2) the distribution of
pozzolanic particles in the mixture is such that they can fill
the holes as much as possible.
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Fig. 24 Relationship between compressive and tensile strength a humid + acid curing (group C), b dry + acid curing (group D)

Table 7 The results of
permeability under pressure of
different mixtures

No. Mix code Curing

Group A Group B Group C Group D

Water penetration (mm-72h) Water penetration
(mm/min)

1 Control 56 65 70 85

2 M10 16 19 7 12

3 S10 5 7 25 34

4 Z10 41 46 45 55

5 Z7.5 43 49 50 62

6 Z5 52 57 61 73

Figure 25 shows the results of permeability under pressure
of different mixtures (cured in groups A and B). Accord-
ing to Fig. 25, the sample containing 10% silica fume (S10)
has lower permeability under pressure compared to similar
samples containing metakaolin and zeolite. This issue can
be due to the higher degree of pozzolanic activity of silica
fume, compared to metakaolin and zeolite, which leads to
less porosity both in the cement paste and in the transfer
zone. Also, the comparison of the sample results containing
zeolite shows that increasing the replacement percentage of
zeolite will reduce the porosity of concrete and thus reduce
the permeability under pressure in both dry andnormal curing
methods. Figure 26 shows the results of permeability under
the pressure of different mixtures (cured in groups A and
B) compared to the control mixture. According to Fig. 26,
replacing 10% of cement with silica fume (S10) resulted in
a 91% decrease in permeability under pressure compared
to the control sample. This value for the sample containing
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Fig. 25 The results of permeability under pressure of different mixtures
(groups A and B)
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Fig. 26 Comparison of permeability under pressure of different mix-
tures with the control mixture (groups A and B)
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Fig. 27 The results of permeability under pressure of different mixtures
(groups C and D)

10% metakaolin (M10) and the sample containing 10% zeo-
lite (Z10) is equal to 71.4 and 26.8%, respectively. The sharp
decrease in the permeability under pressure in the sample
containing silica fume can be attributed to its strong poz-
zolanic activity, as well as the particles’ high fineness and
the ability to create relatively high density in the internal
structure of concrete.

Water permeability under pressure has also been done for
samples cured up to 28 days in two dry and normal envi-
ronments and cured up to 90 days in an acidic environment
(groups C and D). Figure 27 shows the results of permeabil-
ity under pressure of different mixtures (cured in groups C
and D). Figure 28 shows the results of permeability under
the pressure of different mixtures (cured in groups C and D)
compared to the control mixture. It is necessary to explain
that, due to the damage to the samples’ surface texture in the
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Fig. 28 Comparison of permeability under pressure of different mix-
tures with the control mixture (groups C and D)

acidic environment and the emergence of penetration chan-
nels due to the chemical reaction, the impermeability of the
samples has been greatly reduced. Also, the water passed
through the samples with a significant flow intensity. There-
fore, for this category of samples, instead of measuring the
water permeability depth, the water permeability rate has
been measured in cc/min. The lowest value of water penetra-
tion rate under pressure among all the samples and in both dry
and normal curing modes corresponds to the sample contain-
ing 10% metakaolin (M10). A possible reason for this issue
can be that the sample containingmetakaolin is less damaged
in an acidic environment than other samples. The compari-
son of samples containing 10% of cement substitutes shows
that the highest rate of water penetration under pressure is
related to the sample containing zeolite, and the rate of water
penetration increases as the percentage of zeolite substitution
decreases.

4.9 Performance evaluation of pozzolan

Table 8 displays the findings from the present research and
previous studies regarding the effect of pozzolan on concrete
strength and durability. Research indicates that the inclusion
of pozzolan in cement structures, attributed to the pozzolanic
characteristics of these materials, establishes a foundation
for enhanced C–S–H quality and the enhancement of the
interfacial transition zone (ITZ) between cement paste and
aggregates. This, in turn, results in improved compressive
and tensile strength as well as flexural.

Pozzolans contain silica and alumina that react with cal-
cium hydroxide (a byproduct of cement hydration) to form
calcium silicate hydrate (C–S–H) and calcium aluminate
hydrate (C–A–H). These hydration products are less solu-
ble in acids than calcium hydroxide, thus providing better
resistance to acid attack.
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Table 8 Effect of pozzolans on different parameters of concrete

Ref. Characteristic Target Curing Effects

Boukhelkhal et al.
(2019)

Compressive
strength

Metakaolin (M) Air [28 days] M 5% = 6.41% ↓
M 10% = 7.69% ↓
M 15% = 11.53% ↑

Water [1 day] + air [27 days] M 5% = 13.29% ↑
M 10% = 10.75% ↑
M 15% = 17.72% ↑

Water [3 day] + air [25 days] M 5% = 15.22% ↑
M 10% = 6.24% ↑
M 15% = 14.01% ↑

Water [7 day] + air [21 days] M 5% = 0
M 10% = 8.5% ↓
M 15% = 19.49% ↓

Water [28 days] M 5% = 1.08% ↑
M 10% = 9.23% ↑
M 15% = 9.52% ↑

This study Metakaolin (M) Water [28 days] M 10% = 5.67% ↑
Water [90 days] M 10% = 18.70% ↑
Air [28 days] M 10% = 19.51% ↑
Air [90 days] M 10% = 26.09% ↑

Silica fume (S) Water [28 days] S 10% = 29.09% ↑
Water [90 days] S 10% = 35.19% ↑
Air [28 days] S 10% = 49.40% ↑
Air [90 days] S 10% = 52% ↑

Zeolite (Z) Water [28 days] Z 10% = 2.17% ↑
Water [90 days] Z 10% = 17.17% ↑
Air [28 days] Z 10% = 3.22% ↓
Air [90 days] Z 10% = 1.44% ↓

Boukhelkhal et al.
(2019)

Flexural strength Metakaolin (M) Air [28 days] M 5% = 16.36% ↓
M 10% = 32% ↓
M 15% = 24.54% ↓

Water [1 day] + air [27 days] M 5% = 5.45% ↓
M 10% = 1.48% ↓
M 15% = 3.96% ↑

Water [3 day] + air [25 days] M 5% = 9.92% ↑
M 10% = 7.08% ↑
M 15% = 8.97% ↑

Water [7 day] + air [21 days] M 5% = 3.36% ↑
M 10% = 2.52% ↑
M 15% = 0.42% ↓

Water [28 days] M 5% = 4.33% ↑
M 10% = 1.57% ↓
M 15% = 1.57% ↓

This study Tensile Strength Metakaolin (M) Water [28 days] M 10% = 16.63% ↑
Water [90 days] M 10% = 18% ↑
Air [28 days] M 10% = 4.52% ↑
Air [90 days] M 10% = 29.84% ↑

Silica fume (S) Water [28 days] S 10% = 18.09% ↑
Water [90 days] S 10% = 16.89% ↑
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Table 8 (continued)

Ref. Characteristic Target Curing Effects

Air [28 days] S 10% = 6.92% ↑
Air [90 days] S 10% = 31.33% ↑

Zeolite (Z) Water [28 days] Z 10% = 17.12% ↑
Water [90 days] Z 10% = 11.57% ↑
Air [28 days] Z 10% = 2.39% ↓
Air [90 days] Z 10% = 3.5% ↑

Boukhelkhal et al.
(2019)

Acid attack
(strength loss)

Metakaolin (M) Water [7 day] + 8
immersion-drying cycles [56
days] + acid [until 360 days]

MgSO4:
Control = 45.92% ↓
M 5% = 34.25% ↓
M 10% = 17.59%↓
M 15% = 13.88% ↓
Na2SO4:
Control = 15.59% ↓
M 5% = 15.27% ↓
M 10% = 11.26% ↓
M 15% = 13.10% ↓
HCI:
Control = 19.26% ↓
M 5% = 25.29% ↓
M 10% = 16.17% ↓
M 15% = 17.20% ↓

Chen et al. (2024) Acid attack (mass
loss)

Silica fume (S) Erosion solution [5 days] + air
[1 day] = 1 drying-wetting
cycle
5 drying-wetting cycles = 1
cycle period

Acid rain (H2SO4,HNO3):
1 cycle/
Control = 0.221% ↑
S 3% = 0.383% ↑
S 7% = 0.561% ↑
2 cycles/
Control = 1.36% ↓
S 3% = 1% ↓
S 7% = 0.73% ↓
3 cycles/
Control = 2.10% ↓
S 3% = 1.84% ↓
S 7% = 1.31% ↓

Chen et al. (2024) Acid attack
(compressive
strength loss)

Silica fume (S) Erosion solution [5 days] +
AIR [1 day] = 1
drying-wetting cycle
5 drying-wetting cycles = 1
cycle period

Acid rain (H2SO4,HNO3):
1 cycle/
S 3% = 1.75% ↑
S 7% = 5.42% ↑
2 cycles/
S 3% = 1.58% ↑
S 7% = 5.08% ↑
3 cycles/
S 3% = 2.07% ↑
S 7% = 6.05% ↑

This study Acid attack
(compressive
strength loss)

Metakaolin (M) Water [28 days] + acid [62
days]

H2SO4:
Control = 35.89% ↓
M 10% = 18.55% ↓

Air [28 days] + acid [62 days] H2SO4:
Control = 40.43% ↓
M 10% = 22.72% ↓

Silica fume (S) Water [28 days] + acid [62
days]

H2SO4:
Control = 35.89% ↓
S 10% = 25.55% ↓
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Table 8 (continued)

Ref. Characteristic Target Curing Effects

Air [28 days] + Acid [62 days] H2SO4:
Control = 40.43% ↓
S 10% = 28.78% ↓

Zeolite (Z) Water [28 days] + acid [62
days]

H2SO4:
Control = 35.89% ↓
Z 10% = 33.24% ↓

Air [28 days] + Acid [62 days] H2SO4:
Control = 40.43% ↓
Z 10% = 35.76% ↓

This study Acid attack (tensile
strength loss)

Metakaolin (M) Water [28 days] + acid [62
days]

H2SO4:
Control = 22.17% ↓
M 10% = 20.90% ↓

Air [28 days] + acid [62 days] H2SO4:
Control = 18.43% ↓
M 10% = 22.52% ↓

Silica fume (S) Water [28 days] + acid [62
days]

H2SO4:
Control = 22.17% ↓
S 10% = 24.05% ↓

Air [28 days] + acid [62 days] H2SO4:
Control = 18.43% ↓
S 10% = 27.04% ↓

Zeolite (Z) Water [28 days] + acid [62
days]

H2SO4:
Control = 22.17% ↓
Z 10% = 26.27% ↓

Air [28 days] + acid [62 days] H2SO4:
Control = 18.43% ↓
Z 10% = 13.93% ↓

Additional C–S–H and C–A–H enhance the mechanical
strength of concrete, increasing its durability against physical
and chemical damage. Secondary hydration products from
the pozzolanic reaction fill capillary pores and microcracks,
reducing permeability and enhancing resistance to acid pen-
etration.

5 Conclusions

Based on the results, the following conclusions are drawn:

1. Substituting part of zeolite with silica fume and using
these two pozzolanic substances at the same time
improves the performance of the sample in the 7-day
compressive strength test by 13.6% compared to the
sample containing zeolite alone.

2. Samples containing 10% metakaolin and silica fume
had higher 14- and 28-day compressive strengths (at
least 7.7%) compared to the control mixture in both dry
and humid curing conditions.

3. Changing the curing method from dry to humid had
the greatest effect on the 90-day compressive strength

of the samples containing zeolite, and by reducing the
percentage of zeolite substitution in the mixing plan,
the difference in the 90-day compressive strength of the
two dry and humid curing methods increased.

4. In the dry curing method, the greatest increase in com-
pressive strength due to the sample’s aging from 7 to 90
days was related to the sample containing 10% zeolite,
which reached 52.7%.

5. In the humid curing method, replacing 10% of the
used cement with pozzolanic materials (silica fume,
metakaolin, and zeolite) improved the 28-day tensile
strength. The highest increase in tensile strength com-
pared to the control mixture was related to the sample
containing silica fume by 7.8%.

6. Replacing 10% of cement with pozzolanic materials
(such as silica fume, metakaolin, and zeolite) improved
the concrete sample’s performance in an acidic environ-
ment compared to the control mixture. This improve-
ment by 10.3, 17.3, and 2.7%, respectively, for S10,
M10, and Z10 mixtures compared to the control mix-
ture compensated for the loss of compressive strength.
In the meantime, the performance of the sample con-
taining zeolite was weaker compared to the samples
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containing silica fume and metakaolin and resulted in a
greater drop in compressive strength (33.2%).

7. The positive effect of pozzolans replacing cement on
the resistance to an acidic environment and the com-
pressive strength of the samples located in the desired
environmentwere evident. This issuewasmore tangible
for the samples containing zeolite in 10% replacement
so the samples containing 7.5 and 5% zeolite (Z7.5 and
Z5) had a greater drop in compressive strength than the
control design. This quality loss was reported as 37.4
and 38.9%, respectively, for samples containing 7.5%
and 5% zeolite (Z7.5 and Z5).

8. Increasing the replacement percentage of zeolite from
5 to 10% in the concrete mixing design increased the
initial water absorption for samples cured under humid
conditions at all ages. This increase reached 47% at
7 days and decreased to a maximum of 18.8% at 90
days. In the humid curing method, the lowest initial
water absorption at 90 days was related to the sample
containing silica fume at the rate of 1.66%.

9. Increasing the replacement percentage of zeolite led to
a decrease in water permeability under pressure in both
dry and humid curing methods. This reduction mea-
sured at least 7.1% in humid curing and at least 12.3%
in dry curing.

10. The water pressure penetration test results for the sam-
ples after acidic exposure show that the lowest value
of the pressure water penetration rate in both dry and
humid curing modes was related to the sample contain-
ing 10% metakaolin (7 mm/min for humid curing and
12 mm/min for dry curing).
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Nagrockienė D, Girskas G, Skripkiūnas G (2017) Properties of concrete
modified with mineral additives. Constr Build Mater 135:37–42.
https://doi.org/10.1016/j.conbuildmat.2016.12.215

Najimi M, Sobhani J, Ahmadi B, Shekarchi M (2012) An experimental
study on durability properties of concrete containing zeolite as a
highly reactive natural pozzolan. Constr Build Mater. https://doi.
org/10.1016/j.conbuildmat.2012.04.038

Nasr D, Behforouz B, Borujeni PR, Borujeni SA, Zehtab B (2019)
Effect of nano-silica on mechanical properties and durability of
self-compacting mortar containing natural zeolite: experimental
investigations and artificial neural networkmodeling. Constr Build
Mater. https://doi.org/10.1016/j.conbuildmat.2019.116888

123

https://doi.org/10.1016/S0958-9465(99)00010-4
https://doi.org/10.1016/j.conbuildmat.2023.134507
https://doi.org/10.1016/j.mspro.2015.11.084
https://doi.org/10.1016/j.jclepro.2019.118200
https://doi.org/10.1016/j.conbuildmat.2005.01.013
https://doi.org/10.14359/2289
https://doi.org/10.1016/j.conbuildmat.2019.03.063
https://doi.org/10.1016/j.conbuildmat.2011.12.112
https://doi.org/10.3390/su1030674
https://doi.org/10.2208/jscej.1995.508_1
https://doi.org/10.1016/j.conbuildmat.2019.01.174
https://doi.org/10.1016/j.matpr.2021.06.089
https://doi.org/10.1177/0021998320944570
https://doi.org/10.3390/ma13020262
https://doi.org/10.1016/j.acme.2016.03.013
https://doi.org/10.1016/j.cemconres.2008.11.008
https://doi.org/10.1007/978-981-19-1004-3_26
https://doi.org/10.1016/j.jobe.2023.106262
https://doi.org/10.3390/ma10040372
https://ceej.tabrizu.ac.ir/article_8961.html
https://doi.org/10.3390/ma15207157
https://doi.org/10.1016/j.jobe.2022.105444
https://doi.org/10.3390/ma17020409
https://doi.org/10.5923/j.materials.20170705.12
https://doi.org/10.1007/s41024-023-00329-8
https://doi.org/10.1007/s41062-023-01309-0
https://doi.org/10.1016/j.conbuildmat.2016.03.133
https://doi.org/10.1016/j.conbuildmat.2016.12.215
https://doi.org/10.1016/j.conbuildmat.2012.04.038
https://doi.org/10.1016/j.conbuildmat.2019.116888


Multiscale and Multidisciplinary Modeling, Experiments and Design

Oluokun FA, Burdette EG, Deatherage JH (1991) Splitting tensile
strength and compressive strength relationship at early ages. ACI
Mater J. https://doi.org/10.14359/1859

Rabehi R, Rabehi M, Omrane M (2023) Physical–mechanical and
fresh state properties of self-compacting concrete based on dif-
ferent types of gravel reinforced with steel fibers: experimental
study and modeling. Constr Build Mater. https://doi.org/10.1016/
j.conbuildmat.2023.131758

Rahmati K, Saradar A, Mohtasham Moein M, Sardrinejad I, Bristow J,
Yavari A, KarakouzianM (2022) Evaluation of engineered cemen-
titious composites (ECC) containing polyvinyl alcohol (PVA)
fibers under compressive, direct tensile, and drop-weight test.Mul-
tiscale Multidiscipl Model Exp Design. https://doi.org/10.1007/
s41939-022-00135-8

Rajasekar A, Arunachalam K, Kottaisamy M, Saraswathy V (2018)
Durability characteristics of ultra high strength concrete with
treated sugarcane bagasse ash. Constr BuildMater. https://doi.org/
10.1016/j.conbuildmat.2018.03.140

Ramezanianpour AA (2014) Cement replacementmaterials; properties,
durability, sustainability, 1st edn. Springer, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-36721-2

Ranjbar MM, Madandoust R, Mousavi SY, Yosefi S (2013) Effects
of natural zeolite on the fresh and hardened properties of self-
compacted concrete. Constr Build Mater. https://doi.org/10.1016/
j.conbuildmat.2013.05.097

Raphael JM (1984) Tensile strength of concrete.
ACI 81:158–164. https://www.semanticscholar.
org/paper/Tensile-Strength-of-Concrete-Raphael/
15434632e55300d7ea822b82400b369a5bf30978

Roy DM, Arjunan P, Silsbee MR (2001) Effect of silica fume,
metakaolin, and low-calcium fly ash on chemical resistance
of concrete. Cem Concr Res. https://doi.org/10.1016/S0008-
8846(01)00548-8

Russell HG, Anderson AR, Banning JO, Cook JE, Frantz GC, Hester
WT, Moreno J, Mastin BR, Moore WC, Nilson AH, Perenchio
WF, Aitcin PC, Anderson FD, Black RW, Cantor IG, Drake KD,
Guennewig TG, Luther MD, Ohwiler CR, Russell MT (1997)
State-of-the-art report on high-strength concrete reported by ACI
Committee 363. Concrete 92:1–2

Sabet FA, Libre NA, Shekarchi M (2013) Mechanical and durability
properties of self consolidating high performance concrete incor-
porating natural zeolite, silica fume and fly ash. Constr Build
Mater. https://doi.org/10.1016/j.conbuildmat.2013.02.069

Sabir BB, Khatib JM, Wild S (1996) On the workability and strength
development of metakaolin concrete, concrete for environmental
enhancement and protection, pp 651–656

Sadrmomtazi A, Sobhani J, Mirgozar MA, Najimi M (2012) Proper-
ties of multi-strength grade EPS concrete containing silica fume
and rice husk ash. Constr Build Mater. https://doi.org/10.1016/j.
conbuildmat.2012.02.049

Saradar A, Nemati P, Paskiabi AS, Moein MM, Moez H, Vishki EH
(2020) Prediction of mechanical properties of lightweight basalt
fiber reinforced concrete containing silica fume and fly ash: exper-
imental and numerical assessment. J Build Eng. https://doi.org/10.
1016/j.jobe.2020.101732

Saradar A, Rezakhani Y, Rahmati K, Johari Majd F, Mohtasham
Moein M, Karakouzian M (2024) Investigating the properties
and microstructure of high-performance cement composites with
nano-silica, silica fume, and ultra-fine TiO2. Innov Infrastruct
Solut 9:84. https://doi.org/10.1007/s41062-024-01407-7

Sasanipour H, Aslani F, Taherinezhad J (2019) Effect of silica fume on
durability of self-compacting concrete made with waste recycled
concrete aggregates. Constr Build Mater. https://doi.org/10.1016/
j.conbuildmat.2019.07.324

Sato R, Sogo S, Kanazu T, Kishi T, Noguchi T, Mizobuchi T, Miyazawa
S (2013) JCI guidelines for control of cracking of mass concrete

2008. In: Proceedings of the International Committee of the SCMT
Conferences on Sustainable construction materials and technolo-
gies, Kyoto, pp 18–21

Shah SP, Ahmad SH (1985) Structural properties of high strength
concrete and its implications for precast prestressed concrete.
J Prestressed Concr Inst. https://doi.org/10.15554/pcij.11011985.
92.119

Shahmansouri AA, Yazdani M, Ghanbari S, Akbarzadeh Bengar H,
Jafari A, Farrokh Ghatte H (2021) Artificial neural network model
to predict the compressive strength of eco-friendly geopolymer
concrete incorporating silica fume and natural zeolite. J Clean
Prod. https://doi.org/10.1016/j.jclepro.2020.123697

Shen P, Lu L, Chen W, Wang F, Hu S (2017) Efficiency of metakaolin
in steam cured high strength concrete. Constr Build Mater. https://
doi.org/10.1016/j.conbuildmat.2017.07.006
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