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HIGHLIGHTS
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« Durability of blended mortar/concrete is compared with the ordinary one.

« Based on past researches, few potential studies are suggested for future research.
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through the use of pozzolans such as slag, fly ash (FA), palm oil fuel ash (POFA), metakaolin (MK), silica
fume (SF), rice husk ash (RHA) etc. with a relatively larger amount of replacement of OPC. A certain level
of cement replacement with those pozzolans is highly advantageous in terms of cost, energy efficiency,

{f?z' ;‘g’l;ﬁ eco}ogical and environmen.tay Peneﬁts as.well as durability properties. More recently, researchers have
Supplementary cementing materials rpamly focused on the p0551'b111ty of praFtlcal use of pozzolans (Slag, POFA, FA, SF MK and RHA) as a par-
Sorptivity tial replacement of cement in quest for improved long-term strength and durability properties. Based on
Water absorption and permeability published documents, this paper reviews the current state of knowledge on durability of mortar and con-
Chloride penetration crete made up of pozzolans as a partial replacement of cement. A number of important properties of the
Sulfate resistance made mortar and concrete among others compressive strength, sorptivity, permeability, water absorp-
Carbonation tion, chloride penetration, sulfate resistance, carbonation, drying shrinkage, corrosion resistance, and
Drying shrinkage resistance to acid attack have been discussed here. Finally, several potential studies have been suggested

Corrosion resistance

! ! for the future research.
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1. Introduction

Over the past years, many industrial waste materials like FA,
slag and other ashes produced from various agricultural wastes
such as POFA, RHA, groundnut husk ash, millet husk ash and corn-
cob ash have been tried as pozzolanic or secondary cementitious
materials [1-6]. These supplementary cementing materials (SCMs)
play a significant role when incorporated in the OPC at a certain
proportion. Usually SCMs in concrete minimize the permeability
of concrete by altering the pore structure and the resulting con-
crete shows a significant resistance against reinforcement corro-
sion, acid attack and sulfate attack [7]. Shiathas et al. [8] also
reported that these Pozzolanic materials such as ground granu-
lated blast furnace slag (GGBS), RHA, pulverised fuel ash (PFA),
SF, FA, POFA generally improve durability properties, reduce
adverse environmental effects and also cost of concrete.

Hale et al. [9] reported that cement with a replacement amount
of 25% by slag and 15% by FA improved long-term properties of
concrete with significant early age properties. An improvement
in strength, reduction in permeability as well as reduction in chlo-
ride penetration were observed by Thomas and Mathews [10] after
adding PFA with OPC in concrete. Authors [10] also observed an
improved strength and porosity values for ternary (three-
component) blended OPC, RHA and PFA concrete in which strength
at a lower replacement level and porosity at a higher replacement
level was a significant factor for OPC concrete. Another observation
was also reported that the inclusion of PFA and SF in concrete as a
partial replacement of cement reduces chloride permeability of
concrete [11]. According to Dhir and Byars [12], the construction
industry has been steadily regulated to use SCMs with OPC
recently as reflected in several standards worldwide. Therefore,
durability properties of concrete and mortar by using pozzolanic
materials could be established. This paper summarizes the latest
advances regarding the durability properties of sustainable binder
by using these SCMs as replacement of OPC.

2. Historical background

Investigation of durability properties of mortar and concrete by
using pozzolans as a partial replacement of cement was one of the
vital issues for researchers over the past few decades. Table 1 pre-
sents some recent investigations on durability properties by using
SCMs in singular, binary (two-component) and ternary (three-
component) blended concrete. The development of using SCMs
was a major achievement led by the work of Purdon in 1940s
[13]. But the durability studies are the recent issues as they
showed a superior compressive strength, splitting tensile strength
as well as modulus of elasticity at various ages.

Collepardi et al. [14] showed the influence of mineral additives
in the form of FA, slag and ground limestone incorporated as a par-
tial replacement of Portland cement on the CO, penetration rate of
concrete. The results indicated that there was an increasing trend
in the carbonation rate in concretes with increasing mineral addi-
tives, except when the amount of OPC replacement was relatively
low (15%). On the other hand, when the comparison of the carbon-
ation rate was made on concrete specimens at the same strength

level, no significant difference was found between specimens with
Portland cement and those with replacement by mineral additives
up to 50%. Al-Akhras [15] investigated sulfate resistance of con-
crete produced from blended MK with OPC to observe the effect
of MK where MK was mixed at the replacement levels of 5%, 10%,
and 15% by weight of OPC. Concrete specimens were dipped in
5% aqueous solution of sodium sulfate (Na,SO4) for 18 months
after being moist cured for the desired periods. Sulfate resistance
was evaluated in terms of visual observation (for any cracks if ini-
tiated), compressive strength reduction and expansion of concrete
prisms. The authors [15] reported that replacement of OPC with
MK enhanced sulfate resistance of blended concrete specimens in
which sulfate resistance increased with increasing MK content in
the blend.

In 2007, Ramezanianpour et al. [16] performed chloride perme-
ability/penetration test on concrete incorporated with RHA as a
partial replacement of OPC. OPC concrete specimens and speci-
mens by replacing OPC with RHA by the amount of 7%, 10% and
15% (by weight) were prepared. A very low chloride permeability
was observed for the specimens prepared using 15% RHA with

Table 1
Some recent studies on durability properties of mortar and concrete containing
pozzolans.

Pozzolans used as Author
partial replacement

of cement

Durability properties

Carbonation FA, slag and ground  Collepardi et al. [14]

limestone
Sulfate resistance MK Al-Akhras et al [15]
Chloride permeability RHA Ramezanianpour
et al. [16]
Water absorption, drying MK Guneyisi et al. [17]
shrinkage and porosity
Acid resistance FA and SF Murthi et al. [18]

Chloride permeability and
Corrosion resistance

RHA and POFA

Rukzon et al. [2]

Sulfate resistance Black RHA Chatveera et al. [19]

Modulus of elasticity and POFA Awal et al. [5]
Shrinkage

Acid resistance POFA Budiea et al. [20]

Sorptivity and Carbonation Slag Adam et al. [21]

Chloride permeability RHA, Slag and FA Gastaldini et al. [22]

Chloride permeability Slag Fapohunda et al. [23]

Water permeability, water RHA Kartini [24]
absorption & chloride ion
penetration

Water permeability and RHA Jaya et al. [25]
porosity

Modulus of elasticity FA and SF Turk [26]

Drying shrinkage FA Kate et al. [27]

Water absorption and FA Pitroda et al. [28]
Sorptivity

Carbonation and Chloride Slag and MK Duan et al. [29]
permeability

Corrosion resistance POFA Yahaya et al. [30]

Sulfate resistance Slag and FA Nie et al. [31]

FA: Fly ash; MK: Metakaolin; RHA: Rice husk ash; SF: Silica fume; POFA: Palm oil

fuel ash.
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OPC. On the other hand, moderate, low and low chloride perme-
ability were recorded for the specimens prepared with 0%, 7%,
and 10% RHA replacement respectively. In the same year, Guneyisi
et al. [17] used MK as a SCMs to enhance the performance of con-
crete. MK was incorporated by amount of 10% and 20% by weight
of OPC, and water-cement (w/c) ratios were taken as 0.35 and
0.55. Durability properties of concrete specimens were observed
by measuring water absorption, drying shrinkage and porosity at
different ages until 120 days. The authors [17] reported that incor-
poration of MK content greatly reduced the drying shrinkage strain
which mainly relies on the replacement level, w/c ratios and test-
ing ages of the concrete specimens. Incorporation of MK also
enhanced pore structures of the concrete specimens by reducing
extensive pores. The authors [17] observed that the most impervi-
ous concrete specimens were the ones made up of 20% MK replace-
ment. On the other hand, a decreasing trend of water absorption
was recorded with increasing MK content.

In 2008, Murthi and Sivakumar [18] investigated the acid resis-
tance of ternary blended concrete by immersing concrete speci-
mens into hydrochloric acid (HCl) and sulfuric acid (H,SO4)
solutions for 32 weeks. ASTM class F FA was incorporated at an
amount of 20% by weight with cement to produce blended con-
crete. On the other hand, SF was used by 8% replacement level of
total powder content by weight to produce ternary blended con-
crete. Time (in days) was recorded to observe 10% mass loss and
strength deterioration of the concrete specimens in 5% H,SO,4 and
5% HCl solutions. The authors [18] reported that the ternary
blended concrete produced from 20% FA and 8% SF showed a signif-
icant acid resistance compared with the binary blended concrete
and OPC concrete. In the same year, Rukzon and Chindaprasirt
[2] performed corrosion resistance and chloride ion penetration
tests on mortar specimens made up of binary blends of OPC and
ground POFA or ground RHA. The test results revealed that the
blended RHA or POFA with OPC can significantly improve corrosion
and chloride resistance. Therefore, RHA and POFA have high poten-
tials to be used in concrete industry by a significant amount as a
replacement of OPC.

Chatveera and Lertwattanaruk [19] used black rice husk ashes
(BRHA) at 0%, 10%, 30% and 50% replacement of OPC (by weight
of OPC). Durability properties of prepared mortar specimens were
evaluated by immersing the specimens into 5% sodium sulfate
(NaS04) and 5% magnesium sulfate (MgSO4) solutions. The
authors [19] observed a reduction trend in compressive strength
loss on increasing BRHA replacement level with OPC when the
mortar specimens were immersed into Na,SO4 solution. On the
other hand, compressive strength loss was found to increase with
increasing the replacement level of BRHA from 0% to 50% compared
to OPC mortar specimens under MgSO, attack. The authors [19]
concluded that the ground BRHA can be used as a replacement
with OPC to enhance the resistance against Na,SO,4 attack, but it
may impair resistance against MgSO, attack. At the same time,
Awal and Hussin [5] prepared POFA concrete where OPC was
replaced by 30% (by mass) POFA. A slightly lower modulus of elas-
ticity of POFA concrete was recorded in comparison with OPC con-
crete. However, the authors [5] reported a higher shrinkage strain
of POFA concrete compared to OPC concrete.

In 2010, Budiea et al. [20] studied acid resistance (HCl) of the
high strength concrete specimens prepared by using POFA with
different fineness. OPC was replaced with POFA by 20% (by weight)
to prepare two different POFA concrete mixes with different fine-
ness. Reference OPC concrete specimens were also prepared using
OPC only. Before immersing in the HCI solution, all the prepared
concrete specimens were immersed in water for curing for 28 days.
Deterioration was observed in terms of mass changes, visual
observations and compressive strength changes. The authors [20]

observed that on increasing fineness of POFA enhances resistance
of the high strength POFA concrete against acid (HCI) attack. Adam
et al. [21] studied durability properties of blended concrete pro-
duced by replacing OPC with slag at an amount of 30%, 50%, and
70% by weight of OPC. The authors [21] observed a reduction trend
in sorptivity values for the blended concrete specimens while an
increasing trend in carbonation values was found with increasing
replacement level of slag.

Gastaldini et al. [22] assessed chloride penetration at the age of
91 days according to ASTM C1202 for 10%, 20% and 30% replacement
of OPC with RHA. Entire test results were compared with control OPC
mixes and with two different binary mixes made up of 35% FA and
50% slag alongside OPC. The authors [22] observed that an increase
in RHA content enhances lower charge passed values (Coulomb)
and long-term curing reduced charge passed values (Coulomb) for
all the prepared mixes. Fapohunda [23] studied chloride permeabil-
ity of concrete specimens made of 30% replacement of OPC with slag
in which all the specimens were cured at elevated temperatures. An
increased resistance to chloride penetration was observed for the
blended (OPC and slag) concrete specimens. Kartini [24] showed
that the concrete incorporated with RHA offers better resistance
against chloride ion penetration, water permeability and water
absorption when RHA was used up to 30% replacement levels with
OPC. Jaya et al. [25] partially replaced OPC (15% by weight) by RHA
and observed that the incorporation of RHA produced the concrete
with a significant higher compressive strength and low porosity.
Moreover, the authors [25] investigated water permeability which
was significantly affected by the curing age. Therefore, the authors
[25] concluded that permeability coefficient decreases with increase
in curing age for blended concrete specimens.

Turk [26] studied binary as well as ternary blended mortar
specimens by replacing OPC with FA and SF. The author [26] con-
cluded that increase in SF and FA contents resulted in a decreasing
trend in dynamic modulus of elasticity at 28 days for both the bin-
ary and ternary blended mortar specimens. Kate and Murnal [27]
tested high strength concrete made of 10-70% FA as partial
replacement of OPC. The authors [27] observed an increasing trend
in shrinkage strain of blended concrete specimens with an increase
in FA content. Although the rate of increment of shrinkage over
time was uniform for the lower FA concrete specimens, there
was a significant increase in shrinkage for high volume FA concrete
specimens after 28 days. Moreover, the high volume FA concrete
showed a slow strength development rate at an early age of curing.
Pitroda et al. [28] also made attempt to study the properties of FA
concrete at different percentage of replacement levels of OPC. They
[28] found that the water absorption and sorptivity of FA concrete
have lower values for 10% replacement of FA. Then, they [28] found
an increasing trend of water absorption and sorptivity with
increasing percentage replacement of OPC by FA.

Duan et al. [29] also showed that slag and MK have positive
impact on pore refinement and interfacial transition zone enhance-
ment of concrete. Yahaya et al. [30] studied corrosion resistance
test of a high strength cement concrete mix containing 20% POFA.
Reinforcement bar was buried in the middle of prepared cylindrical
specimen. The observation leads him to conclude that incorpora-
tion of POFA as a partial cement replacement had contributed to
the densification of microstructure rendering the concrete denser.
This densification that results from the incorporation of POFA
allows the concrete to exhibit a higher resistance to corrosion as
compared to plain concrete. Nie et al. [31] investigated quality con-
crete mixtures produced by using slag and FA as a partial replace-
ment of OPC in significant quantities to observe the resistance
against an aggressive chemical environment. Sulfate resistance of
concrete specimens was found to have significantly improved
due to the addition of FA and slag.
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3. Durability of mortar and concrete containing pozzolans as
replacement of OPC

Durability of concrete means the resistance against deteriora-
tion, a prime issue that indicates whether a concrete is durable
or does not possess minimum porosity, significant resistance to
alkali-silica reaction and sulfate, better corrosion protection abil-
ity, reduced heat of hydration, improved resistance to chloride
attack and greater resistance against harmful environmental
attack. Thomas et al. [32] and Thomas [33] reported that the uti-
lization of those abovementioned pozzolanic materials is extre-
mely advantageous not only to minimize the environmental
pollution, but also to enhance the durability of concrete. When
pozzolans are added to concrete, they usually alter the pores exist-
ing in concrete and minimize water permeability. Therefore, an
addition of pozzolans to concrete improves resistance to water
penetration and water-induced erosions such as reinforcement
corrosion, frost damage, acid and sulfate attack [34-36]. Several
durability aspects of mortar and concrete produced by using
abovementioned pozzolanic materials have been discussed in the
following sections.

3.1. Sorptivity, water absorption and water permeability

The behaviour of pore specimens is assessed by measuring
sorptivity, water absorption and water permeability rate of unsat-
urated specimens by immersing in water with or without water
head. Folagbade and Olufemi [37] observed that the sorptivity val-
ues decreased on increasing compressive strength and the blended
concretes showed lower sorptivity values compared with reference
OPC concrete at the similar strength values (Table 2). The authors
[37] used OPC as well as several binary and ternary blended con-
cretes containing FA and MK with OPC at equivalent w/c ratios
and compressive strengths. They [37] reported that the addition
of pozzolanic materials to OPC significantly reduced the sorptivity
values of the concrete specimens. Sorptivity values of the FA binary
blended cement concrete specimens were found to decrease with
the addition of FA content up to 55%. On the other hand, sorptivity
values of the MK binary blended cement concretes were found to
decrease with the addition of MK content up to only 10%. Authors
[37] also reported that the ternary blended concrete shows a better
performance compared with the FA binary blended cement con-
cretes when the total replacement level was kept less than 55%
at the strength of 50 MPa.

Pitroda et al. [28] also concluded that the water absorption and
sorptivity of concrete have lower values at 10% replacement of FA
with OPC tested for two different grades of concrete. They [28] also

Table 2
Sorptivity values of concrete specimens at the similar strength values of 30 MPa,
40 MPa and 50 MPa at 28 days curing period [37].

Mix combination Sorptivity x 107 (m/y/s)

30 MPa 40 MPa 50 MPa
100% OPC 380 330 275
80% OPC + 20% FA 345 295 255
80% OPC + 15% FA + 5% MK 330 300 255
65% OPC + 35% FA 295 255 230
65% OPC + 30% FA + 5% MK 310 260 225
65% OPC + 25% FA + 10% MK 305 250 220
45% OPC + 55% FA 250 215 180
45% OPC + 45% FA + 10% MK 240 160 100
45% OPC + 40% FA + 15% MK 200 150 110
95% OPC + 5% MK 365 310 260
90% OPC + 10% MK 355 300 235
85% OPC + 15% MK 400 320 235

found an increasing trend of water absorption and sorptivity with
increasing replacement level of OPC with FA by more than 10%.
However, the water absorption and sorptivity of FA incorporated
concrete were found to have higher values than traditional OPC
concrete. Finally, the results lead them to conclude that the FA
can be used as a supplementary cementitious construction mate-
rial provided some judicious decisions should be made by the engi-
neers. On the contrary, Kakhuntodd et al. [38] have different
observations in terms of water permeability as they found that
high volume fine FA and fine ground POFA concretes can be pro-
duced with relatively low permeability. The permeability values
of FA incorporated concretes were found lower than those of the
control concretes for all replacement levels. The lowest permeabil-
ity was obtained with the replacement level of 40%. This result can
be attributed to the pozzolanic reaction of FA and the lower
amount of mixing water; both of them influenced the reduction
in volume and the size of pores in cement paste [39]. Moreover,
researchers highlighted the filler effect of the smaller particles of
FA which also contributed to produce a denser cement matrix [40].

POFA incorporated concretes also showed the same characteris-
tic of permeability like FA incorporated concretes when the
replacement levels were up to 40% by weight of binder [38]. Filler
effect was reasonably high up to the replacement level of 40% by
POFA and contributed to the low permeability of the concretes.
At a higher replacement level of 55% and 70% of OPC by POFA,
the permeability increased significantly. The authors [38] con-
cluded that FA is a more effective pozzolan for use in high volume
because it produces a good pozzolanic reaction and filler effect
through the small particle size. It showed low water demand
through the ball bearing effect of the spherical particles. The
authors [38] also concluded that the POFA is slightly less effective
pozzolan compared to FA and use in high volume resulted in higher
permeability.

Assas [41] observed a higher water penetration depth in OPC
concrete specimens compared with the concrete specimens con-
taining SF and FA. For all the concrete mixes, it is clear from
Fig. 1 that decreasing the w/c ratios has a significant impact on
water penetration depth with the increase in OPC content in the
mix. Water penetration depth of blended SF concrete showed
much lower values compared to blended FA concrete and OPC con-
crete. The author [41] reported that the addition of SF and FA with
OPC to concrete significantly reduces water permeability by
improving the pore structure in the transition zone. Similar obser-
vations were reported by Menadi et al. [42]. The authors [42] also
observed a reduced trend in water penetration depth by using sev-
eral pozzolans as partial replacement of OPC.

Mahmud [43] observed that at 20% and 30% incorporation of
RHA in concrete without and with superplasticizer (SP) respec-
tively showed lower sorptivity values in comparison with OPC con-
crete specimens (Fig. 2). Therefore, the author [43] concluded that
those blended concrete specimens are less porous in comparison
with reference OPC concrete specimens. The researcher illustrated
the possible reason in such way that the average pore radius of
concrete is reduced due to the addition of RHA in which RHA block
the extensive voids through the pozzolanic reaction and the finer
particles of RHA can easily settle between OPC particles. The
results obtained from the study are in line with that obtained by
Speare et al. [44]. Mahmud [43] also observed that concrete spec-
imens containing 20% RHA without SP showed a higher percentage
of water absorption in comparison with reference OPC concrete
specimens. On the other hand, 30% RHA concrete containing SP
showed lower water absorption values. The possible reason the
author [43] offered was the higher w/c ratio of the RHA20 mix
(20% RHA), where water molecules occupy the volume in the con-
crete specimens and upon evaporation of water from the concrete
specimens, leaves voids which are mainly liable for this higher
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water absorption value. Therefore, the author [43] concluded that
the SP plays a vital role to enhance the liquidity of RHA concrete
mixes and maximize the compaction which is mostly responsible
for these high impermeable RHA concrete specimens.

Cheng et al. [45] investigated the effect of 0%, 40% and 60%
replacement of OPC with GGBS for concrete specimens where they
found the permeability values to be 2.56 x 103, 1.52 x 10713, and
1.32 x 10~ '® m/s respectively. Therefore, the investigation showed
that the utilization of higher GGBS content causes more dense
structure concrete and minimizes water penetration values of the
concrete specimens. Newman and Choo [46] reported that the
dense structure concrete (being little permeable to impermeable)
can be exhibited by adding the SF to GGBS because of any virtual
absence of weak layer that usually surrounds the aggregates.

3.2. Sulfate resistance

The mortar and concrete fabricated with pozzolans alongside
OPC improved resistance against sulfate attack than plain OPC
mortar and concrete as revealed by several past studies.

According to Nie et al. [31], corrosion of concrete due to sulfate
attack commonly appears in terms of cracking, spalling and expan-
sion. The authors [31] evaluated cracking, spalling and expansion
by observing length change of the prepared mortars specimens
by immersing them in the sulfate solutions. All the mortar speci-
mens were immersed in the sulfate solutions after measuring orig-
inal length of mortar specimens. Fig. 3 shows the effect of FA and
slag on sulfate resistance of mortar specimens in which w/c ratios

0.06
. 0.051
s
2 0.04 4
=}
£ 0034
s 0
5 002 —e—0pPC
g —=—75% OPC + 25% FA
it —+—70% OPC + 30% Slag
0.01 1 SRC
0.00 . . . .
0 5 10 15 20 25 30

Time (week)

Fig. 3. Effect of SCMs on sulfate resistance of mortar specimens [31].

were kept at 0.4 for all the specimens. It is obvious from the Fig. 3
that the use of SCMs or sulfate resisting cement (SRC) reduces the
expansion of the mortar specimens in the sulfate solution in com-
parison with reference OPC mortar specimens. It is to be noted that
the long-term permanence of the mortar specimens with SCMs is
better compared with SRC mortar specimens as well as OPC mortar
specimens.

Cements evaluated by Bhatty and Taylor [47] for sulfate resis-
tance were: ASTM Type I, Type V, Type [ + 7% SF and Type 1+ 20%
FA. Mortar specimens (50 mm cube) were prepared by using w/c
ratios of 0.50. The prepared mortar specimens were immersed into
different concentration of Na,SO, solutions for two years to
observe the physical deterioration of the mortar specimens. The
authors [47] observed that the deterioration was significantly
affected by the concentration of sulfate solutions, cement type as
well as the immersion periods. Type I+ 20% FA showed the best
sulfate resistance among the all mixtures. Selected data illustrated
by the authors [47] on deterioration of specimens caused by the
immersion in Na,SO4 solution is given in the Table 3.

Chatveera and Lertwattanaruk [19] used black rice husk ash
(BRHA) at replacement levels of 0%, 10%, 30%, and 50% of OPC by
total weight of the binder. Sulfate resistance of mortar specimens
was evaluated in terms of expansion and compressive strength
loss. Water to binder ratio was kept at 0.55 and 0.65 for the pre-
pared mortar specimens. The mortar specimens were immersed
into 5% Na,S0,4 and 5% MgSO, solutions for 180 days curing period.
The test results indicated that the expansion and compressive
strength loss of mortar specimens decreased with the increase in
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Table 3

Deterioration rating of the mortar specimens due to immersion in Na,SO,4 solution
[47].

Cement Sulfate Deterioration rating in exposure time
type solution (%)
4 Months 8 Months 15 Months 24 Months
Type | 1 0 1 2 3
2 2 2 3 4
4 3 3 3 3
Type V 1 0 0 0 1
2 0 0 0 2
4 1 1 1 3
Type | 1 0 0 1 1
+7%SF 2 0 0 1 2
4 1 2 2 3
Type | 1 0 0 0 1
+20% 2 0 0 0 1
FA 4 0 1 2 2

0 - No deterioration; 1,2,3 - Increasing rate of deterioration.

percentage replacement of BRHA. Expansion of the mortar speci-
mens prepared using 30% and 50% replacement of OPC by BRHA
was found to be lower than those of specimens prepared by mixing
with SRC. Notably, the expansion of mortar specimens immersed
into Na,SO,4 solution was found higher compared with the speci-
mens which were immersed into MgSO, solution. However, an
increase in the replacement level of BRHA resulted in minimizing
the compressive strength loss of the mortar specimens due to
Na,SO,4 attack. On the other hand, an increase in the replacement
level of OPC by BRHA resulted in an increase in compressive
strength loss from 0% to 50% compared with OPC mortar specimens
due to MgSO, attack (Figs. 4-7). Therefore, the authors [19]
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Fig. 4. Compressive strength loss of mortar specimens immersed into Na,;SO4
solution (water to binder ratio of 0.55) [19].
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concluded that the BRHA can be utilized as a SCMs in concrete
technology to enhance resistance against Na,SO,4 attack; however,
it may show less resistance against MgS0O, attack.

Formation of expansive gypsum and ettringite is most likely to
cause deterioration, cracking, spalling and expansion in the OPC
concrete due to sulfate attack. Sulfate affords to react with differ-
ent products of OPC paste which results in the formation of gyp-
sum and ettringite [48,49]. Mehta [50] also reported that the OPC
paste when immersed in sulfate solutions decreases stiffness and
increases the water absorption values of the ettringite. Another
issue is that the expansion and cracking due to sulfate attack
increases the compressive strength loss of concrete specimens by
reducing cohesion in the hydrated OPC paste as well as by reducing
adhesion among the aggregate particles [48]. Several previous
researchers have been reported the role of FA as a SCMs in OPC
concrete in improving its sulfate resistance [51-53].

Concrete produced by using GGBS with OPC also exhibits supe-
rior resistance against sulfate attack in comparison with OPC con-
crete due to the reduction in the C3A content in the blended OPC
concrete as GGBS does not contain significant CzA. It is commonly
considered that the Al,03 content in the GGBS is lower by 15% than
that in OPC and cement containing minimum 70% GGBS is accepted
as a sulfate resisting OPC [46]. Higgins and Uren [54] also observed
an increase in sulfate resistance of the concrete specimens pre-
pared by partially replaced OPC with GGBS. Utilization of MK and
RHA also improves sulfate resistance of the concrete specimens.
Utilization of MK up to 15% with OPC showed a significant sulfate
resistance in a Na,SO4 solution [55]. In the same way, concrete pre-
pared by using RHA with OPC has also served as an excellent sul-
fate resistant compared with OPC and blended SF concrete [56].
Therefore, it can be finally concluded that the sulfate resistance
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of concrete can be significantly improved by using pozzolanic
materials with OPC which will be advantageous also for long-
term strength and durability properties of the concrete.

3.3. Chloride ion penetration

Porous structure allows absorption of salts in reinforced con-
crete is mainly liable for transportation of chloride ions which
resulted in anodic as well as cathodic region. Thus, corrosion of
the steel and rupture of concrete can occur due to electrolytic
action. Divsholi et al. [57] showed that partial replacement of GGBS
with Portland cement (PC) significantly reduces chloride ion pene-
tration. Rapid chloride permeability test (RCPT) was performed to
measure the total Coulombs passed during 6 h for the samples
with 42 days of water curing. Fig. 8 revealed that 50% GGBS
replacement level resulted in a significant reduction in the total
charge passing through the concrete. Duan et al. [29] observed
minimum chloride migration coefficient (Fig. 9) for long-term cur-
ing periods. The authors [29] reported the lowest chloride ions
migration coefficient for the concrete specimens containing GGBS
and MK for all the curing periods. In addition, 10% MK and 10%
GGBS replacement level with OPC in concrete specimens demon-
strates a significant resistance against chloride ions penetration.

Kartini [24] showed the results of charge passed values (Cou-
lomb) for concrete specimens at ages up to 365 days curing age
which are represented in Fig. 10. The results indicated that the
charge passed (Coulomb) values for the OPC concrete specimens
with and without super plasticizer (SP) were higher in comparison
with RHA concrete specimens. The author [24] reported a moder-
ate to low chloride penetrability for blended RHA concrete speci-
mens. The author [24] cited the possible reason in such way that
the RHA in the concrete mixes gave a pore refining effect which
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Fig. 8. Effect of slag replacement with different w/c ratio on RCPT results (42 days
water curing) [57].

= 16
o
g 14 | —+—0 —m—GGBS —4—MK GGBS+MK
Y
Sz 0
2E 3
S o
o 6
S~ 4
2 I
2 2L - i
<
= 0
© o

4

0 50 100 150 200
Age (days)

Fig. 9. Effects of GGBS and MK on chloride ions migration coefficient [29].

6000

5000 1 %\ ~-@--OPC - RHA20 —&— OPCSp RHA30Sp

40004\ "=
| R NN
30004 & N

20004 % ~—

Charge Passed (Coulomb)

1000 1

0

Age (day)

Fig. 10. Charge passed values (Coulomb) for RHA concrete specimens with and
without SP [24].

further reduced charge passed values. The author [24] also sug-
gested that the reduction in charge passed values can be improved
by adding a significant amount of SP.

Assas [41] observed that the blended SF with OPC concrete
specimens showed a better performance in terms of chloride ion
permeability in comparison with OPC concrete as well as blended
FA with OPC concrete specimens (Figs. 11-13). The author [41]
concluded that the 20% FA or 10% SF replacement of OPC signifi-
cantly improves resistance against chloride ion penetration. The
concrete specimens produced by replacing 20% OPC by FA showed
a slightly lower chloride diffusivity compared with OPC concrete
specimens after 28 days curing periods. The influence of FA was
more significant at the later ages as shown in Figs. 12 and 13.
The figures also illustrated that the SF was more effective to resist
chloride ion diffusion in comparison with FA. The concrete speci-
mens produced by replacing 10% SF enhances lower chloride diffu-
sivities in comparison with FA concrete specimens for all levels of
OPC content as well as w/c ratios. The author [41] ascribed this to
the fact that 10% SF replacement alter the pores significantly of the
prepared specimens. The author [41] concluded that the chloride
ion penetration resistance of FA concrete specimens increased sig-
nificantly as the degree of pozzolanic reaction increased after long-
term curing periods.

3.4. Carbonation

Carbonation rate of mortar and concrete mainly depends on
physical properties of the solid binder, chemistry of the binder
phase, porosity and permeability of the binder. Collepardi et al.
[14] showed the influence of mineral additives (in the form of
FA, slag and ground limestone) incorporated in OPC on the CO,
penetration rate of concretes manufactured with a given water-
cementitious material ratio (w/c). They [14] reported that when
the comparison of the carbonation rate is made on concretes at
the same strength level, there is no significant difference between
concretes with OPC and those with pozzolans up to 50% replace-
ment level (Table 4).

Duan et al. [29] measured the depth of carbonation (Fig. 14) of
concrete specimens where OPC was replaced by MK and GGBS. The
carbonation depth of concrete was significantly reduced due to the
addition of MK and GGBS with OPC. The authors [29] reported that
the phenomenon was predominantly because of the pozzolanic
reaction of MK and GGBS as the amount of hydration product Ca
(OH), decreases by the replacement of OPC with GGBS and MK.
In addition, fine MK particles fill up the gaps among the OPC par-
ticles which densify the concrete specimens and results in lower
CO, intake into the pores of concrete specimens.

Yu et al. [58] reported that the Ca(OH), content in the RHA
paste (produced by replacing 30% RHA with OPC) started to
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decrease after 3 days curing age, and it was around zero after
90 days curing age. Based on the experimental observation, the
authors [58] reported that the RHA concrete contains more C-S-H
gel and less portlandite in comparison with OPC concrete which
mainly accounts for the improved resistance against carbonation.
This is also echoed by Horsakulthai and Paopongpaiboon [59].

3.5. Corrosion resistance

In reinforced concrete structures, superior corrosion resistance
of reinforcing bars is a vital durability issue. Therefore, several
techniques have been applied so far to measure corrosion affinity
of reinforcing steel in the concrete. Yahaya et al. [30] reported cor-
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Table 4
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Carbonation rate of concrete with and without pozzolans at a given 28 days compressive strength in the range of 40-45 MPa [14].

Composition of cementitious materials (cm)

PC (%) FA (%) Slag (%)

Cement content (kg/m>) wjc ratio

Lime-stone (%)

Strength (MPa) Carbonation depth (mm)

30days 45days 60days 90 days

180 days 360 days

100 - - -
85 B . 15
50 - - 50
85 15 - -
75 25 . -
75 - 25 -

300 0.6
300 0.6
350 0.5
350 0.5
350 0.5
350 0.5

Average

43.0 0.5 2.0 2.5 3.5 4.0 4.8
40.3 0.5 25 3.0 35 4.8 59
42.2 0.5 1.5 2.0 3.0 4.0 5.5
45.0 0.0 2.0 2.5 3.0 3.5 4.7
40.3 0.5 2.0 3.0 4.5 6.0 6.9
44.0 0.0 1.0 2.0 35 5.0 5.7

42.5 0.3 1.8 2.5 35 4.5 5.5
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Fig. 14. Carbonation depth for GGBS and MK based concrete specimens [29].
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Fig. 15. Potential vs. number of cycles of exposure of PO and P20 concrete in 5%
NacCl solution [30].

rosion resistance of both plain concrete (PO) and POFA high
strength concrete (P20) which was obtained in the form of half-
cell potential values as shown in Fig. 15. The half-cell potential val-
ues of concrete with POFA was higher than that of plain concrete
indicates a better resistance of the blended cement concrete
against corrosion. Incorporation of POFA increases the amount of
C-S-H gel which contributes to concrete pore refinement and
makes the concrete denser. Furthermore, the filler effect of fine
POFA that strengthens the transition zone between the paste and
the aggregate also improves the concrete internal structure result-
ing in a higher strength and durability. The densification of POFA
high strength blended cement concrete microstructure makes this
concrete more corrosion resistant in comparison to plain concrete
[60].

Saraswathy and Song [61] cast cylindrical concrete specimens
(50 mm diameter and 100 mm height) to study corrosion perfor-
mance of concrete where OPC was replaced by RHA at 5%, 10%,
15%, 20%, 25% and 30% to prepare those specimens. They [61]
embedded rebar of 12 mm diameter and 100 mm height into the

cylindrical specimens. After 28 days of curing periods, cylindrical
concrete specimens were subjected to impressed voltage test.
The authors [61] reported that no cracks were formed even after
144 h of exposure by higher replacement percentages (15%, 20%,
25% and 30%) of RHA with OPC, whereas OPC concrete specimens
showed cracks upon 42 h of exposure in 5% NaCl solution. They
[61] concluded that the replacement of OPC by RHA filled the pores
into the microstructure and as a result the permeability and corro-
sion decreased.

Polder [36] studied concrete structures in marine environment
up to 60 years. Based on the several decades laboratory works, the
author [36] reported that the concrete specimens produced by 70%
GGBS replacement with OPC exhibits an excellent behaviour with
respect to reinforcement corrosion. The researcher stated that
the blended GGBS concrete specimens greatly decrease apparent
diffusion coefficients over time in comparison with OPC concrete
specimens. Therefore, blended GGBS concrete showed a superior
electrical resistivity as well as minimum corrosion rate. On the
other hand, moderate FA replacement with OPC showed minimum
diffusion coefficients and superior resistivity in comparison with
OPC after several months of hydration periods. The author [36] also
observed that the composite produced by FA and slag at 25% OPC
replacement behaves in a similar manner. He [36] concluded that
replacement of Portland clinker by slag at high levels (50-70%)
and FA at intermediate levels (20-30%) decreases the risk of corro-
sion in chloride rich environments.

3.6. Drying shrinkage

Drying shrinkage is an important characteristic of concrete that
affects the eternal structural properties and durability properties of
structures. Awal and Hussin [5] measured shrinkage values over a
period of 28 days (Fig. 16) which showed that POFA concrete
achieved a higher shrinkage strain compared with OPC concrete.
The magnitude of shrinkage strain of OPC concrete at 28 days, for
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Fig. 16. Shrinkage of OPC concrete and POFA concrete [5].
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example, was 275.2 x 1075, At the same time about 19% higher
value of shrinkage i.e. 328.8 x 10~® was recorded for the concrete
with 30% POFA. The authors [5] stated that the difference in the
amount and nature of paste in the POFA concrete could be respon-
sible for the higher shrinkage value in this concrete. A similar
observation has been made by Brooks and Neville [62] who have
demonstrated that at a certain w/c ratio, a higher rate of FA leads
to higher shrinkage by 20%.

Kate and Murnal [27] observed shrinkage values of various con-
crete mixes with the cement replacement level of 0%, 10%, 25%,
40%, 55% and 70% by FA. The drying shrinkage of high strength
OPC concrete and blended FA high strength concrete were obtained
from rectangular specimens prepared and tested under specified
conditions. The test results of shrinkage and shrinkage strain of
concrete Mix-1 (1:1.05:3.08) and Mix-2 (1:0.65:1.91) containing
different quantities of FA are represented in Tables 5 and 6. The
specimens were made for each concrete mix separately and tested
at 7, 28 and 56 days. The effect of 10-70% replacement of cement
with FA on shrinkage strains of 7 days cured rectangular concrete
specimens was studied under the air dried condition. The results
of shrinkage strain were compared among different types of con-
crete at specific days (7, 28 and 56 days) under the same experi-
mental condition. The strain calculated at each age was the
average of three measurements. One specimen was taken from
each of the three batches of the concrete mixtures. The authors
[27] concluded that the rate of increase of shrinkage strain with
the increase in FA content is relatively higher at 56 days than 7
and 28 days. So, shrinkage strains of high strength concrete
increases with the increase in FA content.

Guneyisi et al. [17] reported the strain development versus time
(Fig. 17) for blended MK with OPC concrete as well as OPC concrete
at two w/c ratios of 0.35 and 0.55. The authors [17] observed that
the difference of drying shrinkage between OPC and blended MK
concretes was insignificant, particularly for the lower w/c ratios.
Difference of drying shrinkage became more pronounced and the
drying shrinkage of blended MK concrete decreased with increas-
ing MK replacement levels after 2 weeks. The authors [17]
observed that the blended MK concrete showed a comparatively
lower shrinkage strain than OPC concrete at 60 days. It was con-
cluded that an increase in replacement levels of OPC with MK
resulted in reduction in drying shrinkage at intermediate wj/c

Table 5
Test results of shrinkage of concrete Mix-1, length of specimen: L =275 mm [27].

Mix FA  Change in length (AL) in Shrinkage strain (AL/L) x
designation (%) mm 1074
7days 28days 56days 7days 28days 56 days

Mix 1-1 0 0.035 0.077 0.141 1.27 2.80 5.12
Mix 1-2 10 0.040 0.102 0.135 1.45 3.70 490
Mix 1-3 25 0.040 0.104 0.191 1.45 3.78 6.94
Mix 1-4 40 0.047 0.111 0.200 1.70 4.03 7.27
Mix 1-5 55 0.057 0.076 0.232 2.07 2.76 8.43
Mix 1-6 70 0.097 0.140 0.260 3.52 5.09 9.45

Table 6
Test results of shrinkage of concrete Mix-2, length of specimen: L =275 mm [27].

Mix FA  Change in length (AL) in Shrinkage strain (AL/L) x
designation (%) mm 1074
7days 28days 56days 7days 28days 56 days

Mix 2-1 0 0.031 0.219 0.310 1.12 7.96 11.2
Mix 2-2 10 0.079 0.170 0.308 2.87 6.18 10.9
Mix 2-3 25 0.069 0.190 0.330 2.50 6.90 12.0
Mix 2-4 40 0.066 0.251 0.280 2.40 9.12 10.1
Mix 2-5 55 0.087 0.104 0.295 3.16 3.78 10.2
Mix 2-6 70 0.094 0.236 0.325 3.41 8.58 11.8
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Fig. 17. Drying shrinkage of blended MK concretes and OPC concretes with drying
time [17].

ratios. However, at 10% and 20% MK replacement showed 13%
and 18% lower drying shrinkage compared with OPC concrete
respectively at higher w/c ratios. Brooks and Megat-Johari [63] also
reported similar observations. The authors [63] observed that the
total drying shrinkage was significantly lower for the blended
MK concretes in comparison with OPC concrete measured after
24 h. The effect of MK was observed to minimize the shrinkage
value of OPC concrete by 50%. A similar observation was made
by Al-Khaja [64] as well as Jainyong and Yan [65] on drying shrink-
age for the blended SF concretes.

Al-Khaja [64] observed that the shrinkage of OPC concrete spec-
imens was noticeably reduced by the addition of SF. After one-
month of curing period, concrete specimens showed a reduction
in strain by 34.9% due to the shrinkage. Jainyong and Yan [65]
showed that the GGBS and SF enhance the hydration of OPC which
results in increase in C-S-H gel that exerts a superior resistance
against deformation for any applied forces. The authors [65] also
stated that the incorporation of SF and GGBS in concrete fills
miniature pores and voids which mainly contribute to minimiza-
tion of drying shrinkage of blended concrete specimens.

Habeeb and Fayyadh [66] reported that drying shrinkage of RHA
mixed concrete was greater than OPC concrete where 20% cement
was replaced by RHA. Mahmud et al. [67] cast 150 mm x 300 mm
cylindrical concrete specimens to measure drying shrinkage
according to ASTM (C(531-85). The authors [67] reported that a
higher amount of RHA in concrete showed a lower drying shrink-
age value. Similarly, Wu and Peng [68] reported that at normal
temperature, drying shrinkage of RHA mixed concrete is lower
than that of OPC concrete. Zhang and Malhotra [69] found a similar
drying shrinkage for control concrete and 10% RHA concrete after
448 days. It can be concluded that drying shrinkage performance
is not so good in case of high percentages RHA blended concrete
due to the reduction of cement and pore structure.

3.7. Acid resistance

Acid resistance of mortar and concrete specimens was evalu-
ated so far in terms of visual observation, change in weight and
change in compressive strength by immersing specimens in acid
solutions. Fineness of POFA improved the resistance against HCl
attack for a high strength blended POFA concrete when POFA pos-
sessed a median particle size of 45 um (POFA45) and 10 um
(POFA10) at 20% replacement with OPC (by weight) [20]. It can
be observed (Fig. 18) that the concrete specimens prepared with
POFA10 showed a comparatively lower mass change in comparison
with reference OPC (PO) and POFA45 concrete. Disintegration of all
concrete specimens increased on increasing the immersion period.
A significant compressive strength reduction was also observed for
POFA45 and POFA10 concrete specimens (Fig. 19) in comparison
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with reference OPC (PO) concrete specimens when immersed in 2%
HCI solution. This is mainly due to the attack of acid medium on Ca
(OH), (hydration products in cement matrix) which promotes
hydrolytic decomposition initiated by erosion of mechanical prop-
erties of OPC based specimens [70].

Murthi and Sivakumar [18] studied ternary blended concrete
produced by 8% SF and 20% FA alongside OPC which showed a sig-
nificant acid resistance compared with OPC concrete and binary
blended concrete. Mortar and concrete have superior durability
in acidic environments as illustrated by Mehta also [71]. The
author [71] made concrete cylinders by using both Type II Portland
cement and Portland-RHA cement containing 35% RHA by weight.
Prepared specimens were submerged continuously for a period of
1500 h in 5% HCl and 5% H,SO,4 solution. The total weight loss for
Portland cement and Portland-RHA was recorded by 35% and 8%
respectively in the 5% HCI solution and he [71] also found 27%
weight loss for the Portland cement and 13% for the Portland-
RHA concrete in 5% H,SO,4 solution. The author [71] concluded that
the OPC contains 60-65% CaO and their hydration products contain
about 25% Ca(OH), which is mainly responsible for the poor resis-
tance of OPC concretes against acidic environment, where in
Portland-RHA may have 20-40% CaO and practically no Ca(OH),
as hydration products.

FA, SF and Slag produce more strengthening gels with minimum
amount of Ca(OH),, thus the addition of pozzolans to OPC confers
much more tolerance to concrete in acidic environment. On the
other hand, melting ice and condensation of pure water containing
CO, dissolves Ca(OH), present in concrete which leads to erosion
[46]. A partial replacement of MK with OPC may prolong the ser-
vice life of concrete against acid attack [47]. The authors [46]
reported that the concrete produced by replacing 10% MK with
OPC significantly resists acid attack in comparison with OPC con-
crete. Therefore, it may be concluded that mortar and concrete
incorporated with pozzolans have a higher resistant against acidic
environment.
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4. Conclusion

Based on the survey of the published literatures, the following
conclusions can be drawn:

e Extensive research works have already been carried out to
explore the use of the pozzolanic materials such as slag, palm
oil fuel ash (POFA), fly ash (FA), silica fume (SF), metakaolin
(MK) and rice husk ash (RHA) etc. at high levels of volume
replacement with OPC in search of better durability properties
(carbonation, chloride penetration, sulfate resistance, acid resis-
tance, drying shrinkage, corrosion resistance, water absorption,
water permeability and sorptivity) of mortar and concrete.

e Though there is some debate among the researchers, still a
majority of the researchers definitely are in the same platform
regarding the advantageous use of the abovementioned poz-
zolans in mortar and concrete in respect of durability.

e Some researchers already reported some superior durability
properties of concrete containing pozzolans with different level
of volume replacement with OPC as compared to the plain
concrete.

e It is worth mentioning here that the reuse of the mentioned

pozzolans will have double advantages: firstly, it leads to reduc-

tion in the cost of construction material and secondly, helps
minimization of its disposal problem.

Furthermore, an effective consumption of these pozzolanic

materials as a replacement of cement will be a valuable step

toward the improvement of durability properties of mortar
and concrete.

5. Recommendations for the future research

Based on the existing gaps in the previous studies, the following
recommendations are proposed for the future research:

e A comparative study may be conducted using different poz-
zolans in mortar and concrete to decide the better one in
respect of durability.
Different environmental conditions and exposure may be con-
sidered for further study of different durability properties of
mortar and concrete containing pozzolans.
Durability properties of pozzolan incorporated mortar and con-
crete of different strength values may be investigated.
Durability of pozzolan incorporated mortar and concrete can be
investigated for their probable use in industrial effluent, water
and sewerage treatment plant.
e Durability of mortar or concrete using pozzolans, cement and
steel fiber with or without coarse aggregate can be examined.
o Durability of ternary or quaternary blended concrete or mortar
could be studied to find out the best mix proportion among poz-
zolans with OPC.
Based on durability, an optimum mix design (water to binder
ratio) of mortar and concrete containing pozzolans with OPC
could be established.
Durability properties of mortar or concrete containing poz-
zolans could be investigated for the samples on the variation
in curing temperatures.
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