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ABSTRACT One of the strategic materials used in earth-fill embankment dams and in modifying and preventing
groundwater flow is plastic concrete (P1C). PIC is comprised of aggregates, water, cement, and bentonite. Natural zeolite
(NZ) is a relatively abundant mineral resource and in this research, the microstructure, unconfined strength, triaxial
behavior, and permeability of PIC made with 0%, 10%, 15%, 20%, and 25% replacement of cement by NZ were studied.
Specimens of PIC-NZ were subjected to confined conditions and three different confining pressures of 200, 350, and
500 kPa were used to investigate their mechanical behavior and permeability. To study the effect of sulfate ions on the
properties of PIC-NZ specimens, the specimens were cured in one of two different environments: normal condition and
in the presence of sulfate ions. Results showed that increasing the zeolite content decreases the unconfined strength,
elastic modulus, and peak strength of PIC-NZ specimens at the early ages of curing. However, at the later ages,
increasing the zeolite content increases unconfined strength as well as the peak strength and elastic modulus. Specimens
cured in the presence of sulfate ions indicated lower permeability, higher unconfined strength, elastic modulus, and peak
strength due to having lower porosity.
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1 Introduction high—in the range of 1.5-4 [8,9]. PIC, due to its required

usage, needs to have low permeability. Note that the

Plastic concrete (PIC) is comprised of cement, water,
aggregates, and bentonite. PIC offers an efficient way to
control dam seepage [1-3]. In addition, utilizing
bentonite in concrete is an effective method of
eliminating heavy metals [4]. Compared with
conventional concrete, PIC has excellent ductility after
reaching failure, and it also has low hydraulic
conductivity [5,6]. To avert the instability of diaphragm
walls and to meet the deformation compatibility
requirements of such walls with the surrounding soil,
International Committee of Large Dams (ICOLD)
recommends that the modulus of elasticity of a diaphragm
wall should be 1 to 5 times higher than the elastic
modulus of contiguous soil [7]. To attain low elastic
modulus requirements, the water/cement ratio of PIC is
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permeability of such materials depends on the w/c ratio,
and that it should be anticipated that the permeability of
PIC is much higher than conventional concretes. Indeed,
development of a method that will not only satisfy the
low permeability requirements of PIC but also will not
increase its elastic modulus needs considerable efforts
[10].

One serious sustainability issue facing the concrete
industries is that of carbon dioxide emitted from
manufacturing ordinary Portland cement. Carbon dioxide
emissions attract global attention because it is the major
factor causing global warming. 7% of the global CO,
emissions are an outcome of manufacturing Portland
cement [11]. The calcination of limestone is the prime
reason, responsible for the 60% of these emissions [12].
Regarding an average clinker factor of 0.78, cement
manufacturing is responsible for 2.3 billion Mt of annual
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worldwide CO, emissions [13]. The remaining CO,
emissions come from fuel combustion, which is required
for generating heat needed for the reactions forming
clinker. In the last two decades, monumental
achievements in energy efficiency have been made in
Portland cement production even though the calcination
of limestone has remained a significant source of CO,
emissions [14]. It should be mentioned that the above
numbers relate only to direct emissions; based on
economic  input-output  analysis-based life-cycle
assessments (EIO-LCA) using U.S. data [15], life-cycle
greenhouse gas emissions associated with the
manufacture of Portland cement are expected to be 13%
higher than direct emission. Thus, the construction
industry is in dire need of finding alternative materials to
replace cement.

The usage of supplementary cementitious materials
(SCMs) provides an effective way to pare down the
amount of CO, emissions from limestone calcination. A
study involving academics and business leaders [16]
pointed out that new generation of construction materials
is one of the seven most promising investment fields. It
reported that low carbon cement poses “the biggest single
opportunity for CO, reduction”. It concluded that if a low
carbon alternative replaced 50% of Portland cement, it
could lead to 1 billion Mt of CO, emission cut annually.
On the other hand, in the U.S., more than 60% of ready-
mixed concrete uses SCMs, which are usually added to
concrete instead of being blended with clinker [5].
According to USGS data [17], 1.7 billion Mt of
alternative materials are needed to replace 50% of
Portland cement. The global availability of fly ash and
ground-granulated-blast furnace slag is approximately
800 [18] and 300 million Mt [19], respectively, which is
roughly half of the required amount of alternative
materials. Thus, there is a strong need to explore other
SCMs and their effect on concrete properties.

Natural zeolite is a mineral resource that exists
abundantly. It is a volcanic or volcano-sediment material
with a skeletal crystal structure. This has voids occupied
by ions and molecules of water with significant freedom
of movement that allows reversible hydration and ion
exchange [20,21]. The utilization of natural zeolite in
cement pastes reduces the number of harmful large pores
(d>938 A) and increases the number of micropores (d <
625 A), so an improvement in concrete strength and other
properties can be expected. A decrease in calcium
hydroxide content and an increase in the C—S—H phase
stem from an increase in the mass ratio of SiO,/CaO in
the transition zone by utilizing natural zeolite [22,23].
This improves the structure of the transition zone, which
increases the strength and decreases the permeability of
concrete [24-26].

Moreover, because of the most important application of

PIC, which is in earth dam cut-off walls, it is crucial to
study its sulfate resistance. Chloride attack [27] and
sulfate attack [28] could be detrimental actions.
Groundwater and soil, marine environments, industrial
processes, etc., are possible extraneous sources of
sulfates, whilst concrete constituents such as aggregates,
mixing water, cement, and natural pozzolans are potential
sources of sulfates [29]. The resistance to sulfate attack is
the main factor determining concrete durability [30,31].
The calcium sulfate dihydrate CaSO,-2H,O (marked as
gypsum) and calcium sulfoaluminate
3Ca0-Al,04-3CaS0,-32H,0 (marked as ettringite) are
two primary products that derive from sulfate actions on
cement-based materials [32]. Secondary effects contain
the loss of cementitious structure and the decalcification
of C—S—H gel. Decalcification is the phenomenon of
continuous depletion of the C/S ratio within the C-S-H
gel. Ettringite formed at early ages is referred to as
“primary ettringite”. Ettringite formed by recrystallization
and dissolution in cracks and void spaces is often referred
to as “secondary ettringite” [33]. There is a need to
understand the effects of zeolite as a SCM on the sulfate
resistance of PIC.

In the present study, the effects of natural zeolite on
sulfate resistance, mechanical properties, and permea-
bility of plastic concrete were studied. Since plastic
concrete’s most important application is to be buried in
soil, it will always be in danger of sulfate attack, so there
is a need to study its sulfate resistance. The mechanical
properties and permeability of plastic concrete containing
natural zeolite were studied in this work, which included
investigation of specimens that were cured in containers
to simulate sulfate attack. In addition, since PIC is usually
utilized for applications involving burial in the soil, its
mechanical properties should be studied in confined
conditions to simulate the effect of the surrounding soil.
New apparatus and procedure of performing permeability
test were designed and executed to record the coefficient
of permeability of concrete specimens in confined
conditions. In addition, in order to evaluate the effects of
natural zeolite on the mechanical properties of PIC,
triaxial and uniaxial compression tests were performed at
four different ages. Moreover, in order to study the
microstructure of PIC, SEM (Scanning Electron
Microscopy) images and X-ray diffraction patterns were
utilized.

2 Experimental procedure
2.1 Materials

In accordance with ASTM C150/C150M-11 [34], the
cement used was type II Portland cement. Also, the
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clinoptilolite type of natural zeolite was used in this
study. Table 1 represents the chemical and mineralogical
composition of cement and natural zeolite. Coarse
aggregates were classified into two different size groups,
9.5-19 mm and 4.75-9.5 mm. Coarse aggregates had a
specific gravity of 1.7 and water absorption of 2.3%. A
crushed type of fine aggregates with a specific gravity of
1.55 and water absorption of 3.4% was utilized in this
study. The particle size distribution curve of sand and
gravel incorporated in this study are illustrated in Fig. 1.
In accordance with ICOLD recommendations [7], to
ensure uniform distribution of bentonite particles that
would lead to a homogenous mixture, bentonite powder
and required amount of water were thoroughly mixed by
a high-speed mixer 24 h before being combined with
aggregates and cementitious materials, because bentonite
materials have high water absorption and low
permeability. Table 2 represents the mechanical and
physical properties of bentonite. The chemical

Table 1 Chemical and mineralogical composition of cement and
zeolite

compound/property cement natural zeolite
calcium oxide (CaO) 61.26% 4.2%
silica (Si0,) 20.53% 66.24%
alumina (Al,O;) 391% 12.79%
Iron oxide (Fe,05) 3.72% 1.29%
Magnesium oxide (MgO) 3.65% 1.18%
Sodium oxide (Na,O) 0.41% 1.98%
Potassium oxide (K,0) 0.95% 1.39%
Sulfur trioxide (SO5) 2.97% 0.48%
Titanium Dioxide (TiO,) 0.27% -
Loss on Ignition (L.O.I) 1.51% 10.31%
C,S 23.57% -
C,8 51.33% -
C;A 5.56% -
C,AF 8.24% _
specific gravity 3.12 2.18
specific surface 3060 cm?/g 10000 cm?/g
100 —_—
90 ||-a sand [ &
g 38 o gravel d
= 60
S
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Fig. 1 Particle size distribution curve of aggregates.

characteristics of bentonite are presented in Table 3. The
cation exchange capacity of bentonite was measured
according to ASTM D7503 [35]. In order to record the
cation exchange capacities of bentonite various methods
can be used. The most widely used methods involve the
replacement of the interlayer cations with index cations in
a known volume solution and then to do analytical
determination of the cations in the solution by standard
techniques. One important aspect critical in measuring the
cation exchange capacities of bentonite is use of cations
that are preferred to the cations being displaced. For
instance, Cs", Ba', and NH; can be used as index cations.

2.2 Mixture proportioning

To explore the effects of natural zeolite replacement on
the properties of PIC, cement was replaced with five
different proportions of Natural zeolite (NZ): 0%, 10%,
15%, 20%, and 25% of total cementitious materials by
weight. Some of the specimens are shown in Fig. 2. In all
mixtures, the water/cementitious materials ratio and total
cementitious materials were kept constant at 2.94 and
152.7 kg/m®, respectively. Table 4 represents the mixture
proportions.

2.3 Test methods

To evaluate the effect of sulfate ions on the microstruc-
ture and mechanical properties of PIC-NZ, all the
specimens of the same mix design were fully immersed in
two different containers until tested, one in the normal
condition (lime water) and the other in a container
simulating sulfate attack. Na,SO, (Na' cation) was
utilized for preparing artificial sulfate solution for this
purpose. The mass fraction of sulfate solution was 6%.

Table 2 Mechanical and physical properties of bentonite

property value
specific gravity 2.79
pH (1 : 10, soil-water ratio) 9.5
specific surface area, (mz/kg) x107° 413
Table 3 Chemical characteristics of bentonite

characteristics content
CEC (cmol/kg, soil) 68.2
organic content (%) 1.4
carbonate content (%) 8
exchangeable K (cmol/kg) 34
exchangeable Ca** (cmol/kg) 14.2
exchangeable Na' (cmol/kg) 48.5
exchangeable Mg (cmol/kg) 2.1

Note: mineral composition in decreasing abundance: montmorillonite,
calcite, quartz.
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After that, the pH of the solution in the container
simulating sulfate attack always remained at pH 3 by use
of sulfuric acid.

2.3.1 Unconfined compression test

To evaluate the evolution of compressive strength and the
contribution of NZ on the strength of PIC specimens,
PIC-NZ cubes of 10 cm size were prepared. Specimens
were tested at four different ages of 7, 14, 28, and 90 d;
this was to assess the effect of curing time on strength
gained, and also to illuminate the effects of sulfate ions
on the strength of specimens by the passage of time.
Regarding the low strength levels of PIC-NZ specimens,
the rate of load application was decreased so that the
failures of PIC-NZ specimens occur during 70 + 10 s after
the start of loading [10].

2.3.2 Triaxial compression test

Triaxial compression tests were performed in three
different confining pressures of 200, 350, and 500 kPa to
model the effect of surrounding soil on the mechanical
behavior of PIC-NZ specimens. PIC-NZ specimens were
tested at four different ages of 7, 14, 28, and 90 d. The
same type of loading path was followed in all tests. In this
regard, a hydrostatic test inaugurated the triaxial
compression test. Once the confining pressure reached its
desired amount, it was kept constant, and the specimen
started to be loaded axially. The axial rate equal to 0.005
min ' was selected, based on the recommendations of

Fig. 2 Cubic and cylindrical PIC-NZ specimens.

Table 4 Mixture proportions of PIC-NZ

ASTM-D2850 [36] and ASTM-D2166 [37] for triaxial
and unconfined test on cohesive soil. Regarding the
cylindrical @10 cm x 20 cm specimens for the triaxial
compression test, the corresponding speed of the piston
for this rate of specimen loading was equal to 0.1 mm/min
[38—40].

2.3.3 Permeability

For the application of PIC, permeability is a critical
factor. To evaluate the permeability of PIC-NZ specimens
while they are subjected to a confining pressure, new
apparatus and procedure for performing permeability tests
were designed and executed. 10 cm x 6 cm specimens
were prepared for this test. Three different confining
pressures of 200, 350, and 500 kPa were used. To
eliminate sidewall leakage, both top and bottom caps
were attached to the specimens using RTV silicone
adhesive sealant. Two rubber membranes were placed
around the specimens, and two O-rings of diameter 70
and 100 mm were used at each end to seal the PIC-NZ
specimens. Specimens were tested at the ages of 28, 56,
and 90 d.

3 Test results

3.1 Mechanical behavior of plastic concrete-natural zeolite

3.1.1 Effect of zeolite content and specimen age

The uniaxial compression test was carried out on 10 cm x
10 cm X 10 cm specimens to explore the mechanical
behavior of PIC-NZ specimens. Figure 3 represents the
evolution with time of compressive strength of PIC mixes
containing different proportions of natural zeolite. As can
be seen, extending the curing time decreased the porosity,
which increased the compressive strength of the
specimens. In general, hydration reactions occur when
cement is exposed to water. As the hydration proceeds,
the particles of cement begin to expand with growing
viscosity which will engender bonds among aggregates,
sand, and clay. It should be mentioned that since clay
minerals are chemically stable, they can scarcely

mix ID natural zeolite (% of cement)  water (kg/m3) cement (kg/m3) Bentonite (kg/m3) gravel (kg/m3) sand (kg/ms)
4.75-9.5 (mm)  9.5-19 (mm)

PIC-NZ0 0 450 152.7 30.5 475.8 279.4 617.9

PIC-NZ10 10 450 137.43 30.5 475.8 279.4 617.9

PIC-NZ15 15 450 129.79 30.5 475.8 279.4 617.9

PIC-NZ20 20 450 122.16 30.5 475.8 279.4 617.9

PIC-NZ25 25 450 114.54 30.5 475.8 279.4 617.9
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Fig.3 Evolution of compressive strength in different plastic
concrete mixes.

participate in the hydration reactions [41]. In the presence
of water, the surface of cement particles carry huge
positive charge which attracts the negative charge on the
surface of the clay particles. As a result of that, cement
particles’ surface absorb the clay particles. Because of the
attractive forces between negative and positive charges, a
considerable amount of water molecules will be absorbed
by clay particles. In this regard, some of the free water
molecules will be transformed into compound water
molecules bound to clay, which will decrease the amount
of free water that participates in cement hydration.

Moreover, as can be seen, at the early ages increasing
the amount of natural zeolite replacement decreased the
compressive strength of PIC-NZ specimens. The
compressive strengths of PIC-NZ20 and PIC-NZ25 are
3.6% and 4.4%, respectively, lower than that of PIC-NZ0
at the age of 7 d. The rate of pozzolanic activity of zeolite
is lower than that of the cement hydration at the early
ages, which is related to the reduction in the compressive
strength of PIC-NZ specimens containing higher
proportions of NZ. At later ages, on the other hand, the
compressive strength of specimens containing higher
percentages of natural zeolite is much higher than that of
the reference mixture. To be more specific, the
compressive strengths of PIC-NZ20 and PIC-NZ25 are
11% and 15.1% higher, respectively, than that of the PIC-
NZO0 at the age of 90 d. The compressive strength of
materials containing zeolite is dependent on curing
conditions, clinoptilolite particle size, and Ca(OH),
content [22]. By extending the curing time, the amount of
portlandite will increase, which will increase the
pozzolanic reactions. In this regard, the PIC-NZ
specimens containing higher percentages of natural
zeolite showed higher compressive strength.

Figure 4 illustrates the triaxial compression behavior of
PIC-NZ specimens at the same confining pressure of 200
kPa. As can be seen, at the early ages, increasing the
amount of natural zeolite replacement decreases the peak
strength of specimens. This could be explained by the
lower rate of pozzolanic activity of NZ relative to the rate
of cement hydration, which consequently delivers the
lower rates of strength development and heat liberation.

By extension of curing time, an enhancement of the
specimens’ strength happened due to the development of
pozzolanic reactions. As illustrated in Fig. 4(b), specimens
containing higher percentages of natural zeolite
replacement show higher peak strength.

Furthermore, the passage of time affects the mode of
failure. As can be seen in Fig. 4, the behavior of
specimens at the age of 7 d is more likely to be ductile,
but when curing time becomes longer, specimens show
more brittle behavior (Fig. 4(b)). Consistently with this,
the axial strain of specimens appertaining to peak strength
(e,) happened to a lesser extent at somewhat later ages
compared to early ages, and then reaching a plateau as
time progressed. An increase in the percentage of natural
zeolite replacement at the age of 7 d caused more ductile
behavior, and at the age of 90 d, it caused more brittle
behavior.

3.1.2  Effect of confining pressure

Figure 5 depicts the effect of three different confining
pressures of 200, 350, and 500 kPa on the triaxial
compression behavior of PIC-NZ15. As illustrated in
Fig. 5, although increasing the confining pressure up to
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Fig. 4 (a) Effect of zeolite content and specimen age on the
triaxial compression behavior of PIC-NZ specimens in 7 d; (b)
effect of zeolite content and specimen age on the triaxial
compression behavior of PIC-NZ specimens in 90 d.



Ali AKBARPOUR et al. Plastic concrete containing natural zeolite 91

350 kPa increases the peak strength of the PIC-NZ15
specimens, an increase of confining pressure from 350 to
500 kPa decreased the peak strength. That is, increasing
the confining pressure up to 500 kPa caused bond
deterioration in PIC-NZ15 specimens. This can be seen at
both ages 7 and 28 d. Figure 6 illustrates this phenome-
non at three different curing times.

Figure 7 illustrates the effect of confining pressure on
the PIC-NZ25 specimens to explore the bond
deterioration in mixtures containing higher proportions of
natural zeolite. As shown in Fig. 7(a), the peak strength
of specimens at the age of 7 d decreased by increasing the
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Fig. 5 (a) Effect of confining pressure on the triaxial
compression behavior of PIC-NZ15 specimens in 7 d; (b) effect
of confining pressure on the triaxial compression behavior of
PIC-NZ15 specimens in 28 d.
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Fig. 6 Effect of confining pressure on the peak strength of
PIC-NZ15 specimens in different ages.

confining pressure from 200 to 350 kPa as well as when it
increases from 350 to 500 kPa. The former case was not
observed in the PIC-NZ15 specimens. At the early ages,
the lower amount of cement hydration in PIC-NZ25
specimens and the slow rate of pozzolanic activities of
natural zeolite led to the weaker bonds compared to those
of PIC-NZ15. Furthermore, as shown in Fig. 7(b), by
extending the curing time and increasing the pozzolanic
activities, increasing the confining pressure from 200 to
350 kPa did not produce a decrease in peak strength of
PIC-NZ25 specimens. Figure 8 shows the effect of
confining pressure on the maximum deviatoric stress of
PIC-NZ25 specimens at different curing ages.

The results show that increasing confining pressure
caused specimens to adopt strain hardening behavior. By
increasing the confining pressure, the axial strain of
specimens that appertain to its peak strength (e,) was
increased. This phenomenon is illustrated in Fig. 9 for
PIC-NZ25.

Figure 10 illustrates the effect of different confining
pressures on crack patterns of PIC-NZ25 at the end of
each test. Scale effects and specimen size are two factors
that strongly influence the engineering properties of
fractured media. As such, the results obtained from this
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Fig.7 (a) Effect of confining pressure on the triaxial
compression behavior of PIC-NZ25 specimens in 7 d; (b) effect
of confining pressure on the triaxial compression behavior of
PIC-NZ25 specimens in in 28 d.
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research should be considered as a primary behavior
approximation of the in-situ PIC-NZ. Figure 10(a) shows
the effect of consistent confining pressure of 350 kPa on
PIC-NZ25 at the age of 28 d. As can be seen, the failure
mode was made up of a well-defined failure plane. After
that, increase in confining pressure to 500 kPa caused a
change in the failure mode. As illustrated in Fig. 10(b), at
the constant confining pressure of 500 kPa, a mixed
failure mode was made up of a cracking parallel to
specimen axes and a well-defined failure plane. These
observations are similar to those obtained by Ref. [42].
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Fig. 8 Effect of confining pressure on the peak strength of
PIC-NZ25 specimens in different ages.
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Fig. 10 (a) Effect of confining pressure on the mode of failure
of PIC-NZ25 at the age of 28 d at 350 kPa; (b) effect of
confining pressure on the mode of failure of PIC-NZ25 at the
age of 28 d at 500 kPa.

3.1.3 Effect of sulfate ions

Figures 11 and 12, respectively, illustrate the effect of
sulfate ions on the unconfined strength and elastic
modulus of PIC-NZ specimens. Being cured in the sulfate
environment for 90 d increased the unconfined strength
and modulus of elasticity of PIC specimens. As illustrated
in Figs. 11 and 12, the ettringite that was produced
decreased the porosity of the PIC-NZ specimens, which
increased the unconfined strength and elastic modulus. In
fact, in general when the ingress of sulfate ions happens,
they firstly react with calcium ions from calcium silicate
hydrate (C—S—H) or portlandite (CH) to form gypsum
(CSHZ). The decalcification of calcium silicate hydrate
(C-S-H) and calcium hydroxide (CH) leads to the
diffusion of calcium ions toward the outside medium.
After that, the chemical reactions of hydrated calcium
aluminates, such as monosulfate (C;,ASH,,), tetracalcium
aluminate (C,AH,;), and tricalcium aluminate (C;A) with
secondary gypsum (CSH,) produce ettringite (C6A§3H32)
[43,44]. Ettringite and gypsum are expansive materials;
however, before they begin to exert pressure on pore
walls, they will fill the capillary pores in empty spaces.
There is a delay time (incubation period) before the
macroscopic expansions begin and cause microcracks
through the specimens. As can be seen in the figures,
before the 90 d curing time, sulfate environment did not
cause any drop in mechanical properties of PIC-NZ
specimens. Moreover, the pozzolanic reaction of zeolite
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Fig. 11 Effect of sulfate ions on the unconfined strength of (a)
PIC-NZ0 and (b) PIC-NZ20 by the passage of time.
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Fig. 12 Effect of sulfate ions on the elastic modulus of (a) PIC-
NZ0 and (b) PIC-NZ20 by the passage of time (at a constant
confining pressure of 200 kPa).

with portlandite reduced the formation of gypsum in
Portland cement-zeolite systems. A gradual chemical
bonding of zeolite including large amounts of reactive
Al,O; and SiO, by Ca(OH), caused the formation of
dense gel-like hydration products of C—S—A-H and
C—S—H type rather than gypsum. Substituting cement
with zeolite led to a more profound reduction in the
volume of the arising solids and more evident elimination
of damaging expansion relative to those occurring when
Portland cement alone was used and exposed to sulfate.
However, as the reactive transport of sulfate ions
progressed, ettringite and gypsum slowly filled all the
pores in concrete. After the passage of the incubation
period, as these products expanded more, they caused
expansion stresses on pore walls. In fact, when the
accumulation of ettringite in the interfacial transition
zone became high it could easily cause expansion and
further damage to concrete [44].

3.1.4 Elastic modulus

Figure 13 outlines the effect of specimen age and zeolite
content on the elastic modulus of PIC-NZ specimens. The
modulus of elasticity is a measure of interatomic bonding
forces, which could be affected by the microstructural
changes [45]. Chemical reactions mainly control the
hydration process at the early stages. During this period,
calcium silicate hydrate gel starts to spread on the surface
of clinkers and creates a hydration shell that has low

zeolite content (%)

Fig. 13  Effect of specimen age on the elastic modulus of PIC-
NZ specimens.

rigidity. While the inner products of the hydration process
keep developing with high Young’s modulus and density,
the outer products of hydration diffuse. As the hydration
shell becomes thicker, ion diffusion starts to be the basic
factor in controlling the chemical dynamic behavior in the
hydration process. As a result of overlapping between
crystals, the hydration products and dispersed clinkers
bond together. Whilst the solid phases attach across the
hydration space, the chaotic structure of the cement paste
alters to a matrix inclusion structure that delivers a certain
strength. The extension of curing time causes an increase
in the modulus of elasticity of PIC-NZ specimens.
Although being subjected to sulfate ions and utilizing
natural zeolite has increased the elastic modulus of PIC-
NZ specimens, this amount is still in the range that
ICOLD recommends.

As illustrated in Fig. 13, at the age of 7 d, except for the
elastic modulus of PIC-NZ15, increasing the zeolite
content caused a decrease in the elastic modulus. For
instance, the elastic moduli of PIC-NZ10 and PIC-NZ25
at the age of 7 d were recorded as 8.1% and 22.5% less
than that of PIC-NZO0, respectively. This could be related
to the slow rate of pozzolanic activities at the early ages
during the cement hydration. It was supposed that a
considerable amount of natural zeolite did not directly
participate in the hydration process, which made it play
the role of fine filler. By extension of curing time, on the
other hand, the pozzolanic reactions led to an increase in
the elastic modulus. As shown in Fig. 13, an increase in
zeolite content increased the elastic modulus of
specimens at the later ages. The elastic moduli of PIC-
NZ10 and PIC-NZ25 at the age of 90 d were recorded as
13.6% and 69.8% higher, respectively, than the elastic
modulus of PIC-NZ0 at the same age. By the passage of
time, pozzolanic reaction products filled the capillary
voids in the hydrated cement paste which decreased the
porosity, and as a result the modulus of elasticity of
specimens increased [45]. From 7-90 d of curing, a
dramatic accretion in the elastic modulus is shown for
mixtures with the replacement of NZ. For instance, the 90
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d elastic modulus of PIC-NZ20 and PIC-NZ25 increased
by 119% and 188% (compared to 7 d elastic modulus),
respectively, whereas this increment was recorded 31.4%
for PIC-NZ0.

Figure 14 represents the effects of three different
confining pressures on the elastic modulus of PIC-NZ15
specimens. It shows that an increase in confining pressure
up to 350 kPa increased the elastic modulus. On the other
hand, an increase in confining pressure from 200 to
500 kPa led to a decrease in elastic modulus at an early
age and an increase of this amount at the later ages. Also,
in all ages (up to 28 d), elastic modulus decreased with an
increase in confining pressure from 350 to 500 kPa. As
mentioned earlier, this could be related to the bond
deterioration of specimens when they were subjected to
high confining pressures. In fact, the strength
development in blended cement is dependent on three
main factors: the filler effect, the dilution effect, and the
reactions between Ca(OH), and pozzolanic materials
[46]. The decrease in strength of bonds between 1 and 7 d
was related and the filler effect and dilution effect
[47,48]. On the other hand, with the passage of time, the
pozzolanic reaction between natural zeolite and Ca(OH),
increased the strength of bonds in PIC-NZ specimens.
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Fig. 14  Effect of confining pressure on the elastic modulus of
PIC-NZ15 specimens.
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The decrease which happened by an increase in confining
pressure from 350 to 500 kPa decreased with the passage
of curing time.

Figure 15 represents the effect of zeolite content on
elastic modulus and peak strength of PIC-NZ specimens
at the constant confining pressure of 200 kPa. The results
show that an increase in zeolite content increased the
gradient of lines. From this, it can be concluded that an
increase in zeolite content had more influence on elastic
modulus than on the peak strength of PIC-NZ specimens.
In fact, the relationship between compressive strength and
elastic modulus of concrete is dependent on the
composition of concrete. Since the modulus of elasticity
of concrete is a cardinal parameter in reinforced concrete
design and analysis [49], the results obtained from this
research could be considered as a primary behavior
approximation of reinforced concrete design using natural
zeolite.

3.2 Permeability of plastic concrete-natural zeolite

3.2.1 Effect of zeolite content and specimen age

To explore the effect of zeolite content on the
permeability, PIC-NZ specimens were tested when they
were subjected to the confining pressure of 200 kPa.
Figure 16 shows the results. As illustrated in the figure,
extending the curing time decreased the permeability of
specimens. The continuity and the size of the pores in the
microstructure of the PIC-NZ specimens determined its
permeability. With the passage of time, as the pozzolanic
reactions and hydration proceeded, the void space
between particles gradually began to fill up with the
products, which led to a decrease in permeability. Since
the surface of bentonite has inordinate amounts of
unsaturated chemical bonds (Si—O or Al—0), hydration
products use these chemical bonds as origin sites for their
evolution [50]. Hydration products become oriented and
grow along the direction of the pores, which has a huge
refinement effect on the pores. Moreover, the porosity of

Fig. 15 Effect of zeolite content and specimen age on the elastic modulus and peak strength of PIC-NZ specimens.
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specimens is dramatically decreased by the overlapping
that happens between adjacent products. On the other
hand, bentonite fills the large pores that are present in the
products of hydration, which will reduce the permeability
of specimens by the passage of time. Furthermore,
specimens containing higher proportions of natural
zeolite showed lower amounts of permeability, which
contributed to the products of the pozzolanic reactions.

3.2.2 Effect of confining pressure

To explore the effect of confining pressure on the
coefficient of permeability of PIC-NZ specimens, three
different confining pressures of 200, 350, and 500 kPa
were used. Figure 17 represents the permeability of PIC-
NZ10 at different confining pressures. It is clear that
increasing the confining pressure reduces the size of the
pores in specimens, which leads to lower coefficient of
permeability [38]. In fact, most of the voids between
cement and natural zeolite particles and their products are
filled with bentonite, which reduces the permeability of
PIC. Moreover, through the actions of negative and
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Fig. 16 Effect of specimen age and zeolite content on the
permeability of PIC-NZ specimen (C = 200 kPa).
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Fig. 17 Effect of confining pressure on the permeability of
PIC-NZ10.

positive charges, bentonite particles absorb a huge
amount of free water molecules and turn most of them in
to combined water molecules, which depletes the area of
water seepage. Therefore, the permeability of PIC-NZ
specimens decreases [S51]. Moreover, as can be seen in
Fig. 17, at a high confining pressure of 500 kPa, the
coefficient of permeability is not dependent on the age of
the specimen.

3.2.3 Effect of sulfate ions

Figure 18 illustrates the effects of the sulfate environment
on the permeability of PIC-NZ20 specimens. Specimens
that cured in the sulfate environment showed lower
permeability. This is related to the progress of hydration
action together with the filling and compaction action by
the sulfate environment products during the incubation
period. Ettringite crystals can fill cracks and voids, and
they are usually 20 to 30 micrometers long and 2 to 4
micrometers in cross-section. On the other hand, it is
anticipated that utilizing natural zeolite prolong the
incubation period, since pozzolanic reaction leads to a
compacted microstructure which decreases the amount of
sulfate solution that can exist in the pore spaces of the
specimens.

3.3 Scanning electron microscopy results

Figure 19 illustrates the effect of Pozzolanic reactions and
cement hydration on the microstructure of PIC-NZ25
with the passage of time, using SEM images. Indeed,
extending the curing time led to a decrease in the porosity
of PIC-NZ specimens. Figure 19(a) manifests voids or
capillary cavities which existed when the spaces were
originally filled with water and did not fill with the
hydration products of cement [45]. On the other hand, by
extending the curing time, the size of the capillary voids
will decrease, as illustrated in Fig. 19(b).
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Fig. 18 Effect of Sulfate ions on the permeability of PIC-NZ20
specimens by the passage of time (C =200 kPa).
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consumption of Ca(OH),. The distinctive hexagonal-
prism morphology of large crystals of calcium hydroxide
is illustrated in Fig. 20(a). The morphology of Ca(OH),
crystals rests on the temperature of hydration, space
availability, and impurities present in the system [45].
The needle-shaped prismatic crystals of trisulfate hydrate
can also be seen in Fig. 20(a).

Figure 21 depicts the effect of sulfate ions on the
evolution of ettringite in the PIC-NZ10 specimens. As
illustrated in Fig. 21(b), specimens cured in the sulfate
environment showed more conspicuous ettringite. The
presence of ettringite decreased the porosity of
specimens.

Fig. 19 Effect of specimen age on porosity of PIC-NZ25
specimens: (a) 7 d and (b) 28 d.

Fig.20 Effect of specimen age on the consumption of
Ca(OH), in PIC-NZ15: (a) 7 d and (b) 28 d.

Fig. 21 Evolution of ettringite in the PIC-NZ10 environment:
(a) cured in a normal environment and (b) cured in sulfate
environment.

Figure 22  illustrates the intensity vs. angle
diffractogram of calcium silicate hydrate at different 26
positions for PIC-NZ15. As shown in the XRD patterns,
the peak values of C—S—H gel were higher at the age of
28 d than at the age of 7 d. Calcium silicate hydrate
significantly affects the overall strength of concrete
because it improves the bonding between cement and
aggregates. The higher compressive strength of PIC-
NZ15 at the age of 28 d compared to that at the age of 7 d
was related to the higher peak values in the XRD
analysis.

XRD diffraction patterns of PIC-NZ20 specimens that
were cured in two different environments are illustrated
in Fig.23. As can be seen, specimens cured in the
presence of sulfate ions showed higher peak values of
ettringite. Ettringite formation reduced the porosity of
concrete, which can help in increasing the durability of
concrete.

4 Conclusions

The uniaxial and triaxial behavior, the coefficient of
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Fig. 22 XRD diffraction patterns of PIC-NZ15 at two different
ages.
— PIC-NZ20 sulfate
) — PIC-NZ20 normal
E)
&
=y
.8
E
E g E
WTTN NPNT) FT o Y "y .m.“

0 10 20 30 40 50 60 70 80 90 100110 120
angle, 20 (°)

Fig. 23  XRD diffraction pattern of PIC-NZ20 which have been
cured in two different environments.
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permeability in confined conditions, and microstructure
of PIC-NZ specimens produced by partial replacement
(10%—25%) of Portland cement with natural zeolite at
different ages (7-90 d) were studied in this paper. The
results showed that the replacement of cement by natural
zeolite in PIC mix designs may not only improve the
ability of cut-off walls for containment of heavy metals,
but may also improve the mechanical properties of PIC
specimens. Here are some significant conclusions.

1) Extending the curing time (7-90 d) led to the
increase of cement hydration and pozzolanic activities
which caused an increase in unconfined strength, peak
strength, and elastic modulus of PIC-NZ specimens. For
instance, from 7-90 d of curing, the elastic modulus of
PIC-NZ0 and PIC-NZ20 increased 31.4% and 119%,
respectively.

2) At the early ages (7 d) increase in the zeolite content
led to a decrease in the unconfined strength of PIC-NZ
specimens. For instance, at the age of 7 d, the
compressive strength of PIC-NZ20 and PIC-NZ25
decreased by 3.6% and 4.4%, respectively, compared to
the compressive strength of PIC-NZ0. However, for later
ages, results showed that specimens that had a higher
percentage of zeolite replacement achieved higher
unconfined strength. To be more specific, the
compressive strengths of PIC-NZ20 and PIC-NZ25 were
11% and 15.1% higher, respectively, than the
compressive strength of PIC-NZO0 at the age of 90 d.

3) Considering the triaxial test results in different
confining pressures, an increase in confining pressure
from 200 up to 350 kPa led to an increase in peak
strength and elastic modulus of PIC-NZ specimens. After
that, increasing the confining pressure from 350 to
500 kPa caused a decrease in peak strength and elastic
modulus of PIC-NZ specimens. This can be related to the
bond deterioration of specimens in high confining
pressure.

4) Increasing the confining pressure changed the mode
of failure of PIC-NZ specimens in the triaxial
compression test. At confining pressure of 350 kPa, the
failure mode was made up of a well-defined failure plane.
The failure mode of the PIC-NZ specimen in confining
pressure of 500 kPa was a mixed failure mode, made up
of a well-defined failure plane and a cracking parallel to
specimen axes. Moreover, the increase in confining
pressure increased the axial strain of the specimen that
related to its peak stress.

5) Increase in zeolite content affected elastic modulus
more than it affected the peak strength of PIC-NZ
specimens.

6) Increasing the zeolite content decreased the
coefficient of permeability of PIC-NZ specimens at later
ages. Moreover, increasing the confining pressure led to a
decrease in the coefficient of permeability.

7) Specimens cured in the presence of sulfate ions

manifested lower permeability and higher unconfined
strength, elastic modulus, and peak strength due to
reduced porosity.
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