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ABSTRACT

The pursuit of environmental friendly alternatives for ordinary Portland cement (OPC) finds increased attention
when the latter poses serious durability issues in major infrastructure applications, such as sewage drainage
pipes. The presence of large quantities of free lime in OPC concrete used in the manufacturing of sewage pipes,
exposes them to (i) concrete corrosion in acidic sewage environment, and (ii) clogging of sewage network due to
the formation of calcified fatbergs. There appears to be very limited or no research on the development of an eco-
friendly zero cement composite that can protect the concrete sewage pipes from corrosion and can eliminate the
free lime that contributes towards the formation of fatbergs. Therefore, to address this research gap, an ex-
perimental investigation was undertaken on quaternary blended cement composites containing nano-silica, fly-
ash, slag, and hydrated lime. These cement composites were tested for compressive strength to identify their
mechanical properties, and an acid attack durability test exposed to 3.5% sulfuric acid solution to identify their
corrosion performance in an aggressive acid environment. X-ray diffraction, thermogravimetric and scanning
electron microscopic analysis were carried out to ascertain the physicochemical properties of the cement
composites. The results show that an eco-friendly zero cement concrete developed with a quaternary blended
mix of nano-silica, fly-ash, slag and hydrated lime successfully addresses the mechanical and durability re-
quirements of the concrete sewage pipes. It surpasses ASTM's minimum strength requirement for the sewage
pipes, and brings about a significant improvement in withstanding an aggressive acidic environment as evident
from the 96% reduction in its mass loss due to concrete corrosion, compared to that of the OPC concrete.
Moreover, the high amorphous silica content present in nano silica, slag and fly-ash assists in totally consuming
the free lime that interacts with fat, oil and grease to produce fatbergs.

1. Introduction

Climate change brought about by greenhouse gas emissions is a

Roychand, 2017] slag [Roychand, 2017, Roychand et al.,, 2018,
Jiang et al., 2018] and silica fume [Roychand et al., 2016, Pedro et al.,
2017] and replacement of conventional aggregates with different in-

significant challenge facing our planet [Bongaarts, 2019]. The cement
and concrete industry is one of the major producers of greenhouse gases
that accounts for about 5% of the total global greenhouse gas emissions
[Andrew, 2018]. Therefore, it has been designated as an essential re-
search area for a long time. Various advancements have been made in
the use of alternative materials, processes and technologies to reduce its
carbon footprint and to improve the energy efficiency of cement pro-
duction [Zuberi and Patel, 2017, Talaei et al., 2019]. Some of the fac-
tors adopted by the cement industry are, use of alternative fuels
[Georgiopoulou and Lyberatos, 2018, Chatziaras et al., 2016], blending
cement with various industrial by-products like fly-ash [Roychand
et al., 2016, Roychand et al., 2016, Roychand et al.,, 2017,
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dustrial waste products like bottom ash [Singh et al., 2018], granular
slag [Roychand et al., 2020], crushed glass [Islam et al., 2017,
Lalitha et al., 2017, Saberian et al., 2019], recycled aggregates
[Saberian et al., 2020] and waste tyre rubber [Saberian and Li, 2018,
Youssf et al., 2019, Abd-Elaal et al., 2019, Roychand et al., 2020]. Al-
though a large number of industrial [Hilton et al., 2019], agricultural
[Madandoust et al., 2011, Aprianti et al., 2015, Debbarma et al., 2020]
and municipal waste materials [Ashraf et al., 2019] have shown po-
tential to be used as supplementary cementitious materials (SCM), they
require extensive long-term studies before being accepted by the con-
struction industry. Therefore, fly ash, slag and silica fume are by far the
most widely used SCM to date. With the advancement in research, the
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share of blended cement in the total quantity of cement manufactured
has significantly increased over time, due to its growing acceptance by
the construction industry and the emerging awareness about the im-
portance of green environment [Sar, 2018.

It is well established that SCM play a vital role in improving the
durability properties of concrete [Juenger and Siddique, 2015,
Gedam et al., 2016]. Though ordinary Portland cement (OPC) is the
most widely used cementitious material in the fast-paced construction
industry, it poses long term durability issues in some of the applications
[Bastidas-Arteaga and Schoefs, 2015, Alexander, 2016]. One of the
major such applications is prefabricated concrete sewage pipes that act
as the backbone of the sanitation system. The various issues that plague
these concrete structures are corrosion of concrete [Wasim et al., 2020,
Wasim and Hussain, 2015] due to the acidic environment produced by
the microbial activity within the sewage water [Mori et al., 1992,
Mori et al., 1991, Wells et al., 2009, Wu et al., 2018] and the clogging
of these pipes due to fat, oil and grease (FOG) accumulation
[Oakes, 2019, Wallace et al., 2017]. Microbiologically induced concrete
corrosion (MICC) [Wasim and Djukic, 2020] of sewage pipes can lead to
the leaching of significant amounts of calcium, OH™ and SO42” ions
[Hermansyah et al., 2006]. Previous research studies show that high
concentrations of calcium salts play an important role in the deposition
and accumulation of FOG within the drainage pipes, eventually clog-
ging the drainage system [Oakes, 2019, Wallace et al., 2017, He et al.,
2013, Keener et al., 2008]. This shows that the free lime present in
ordinary Portland cement concrete plays a detrimental role in (i) cor-
roding the sewage pipes when exposed to the microbe induced acid
environment and (ii) leaching of lime from concrete that interacts with
FOG to produce Farbergs (calcified form of FOG), thereby clogging the
sewage network (Fig. 1).

Maintaining and upgrading the sewage network comes with high
costs and disruptions to the general public. Water Services Association
of Australia estimates the cost of maintenance of sewage networks to be
about $15 million each year [46], which costs about $25 billion in the
USA and £15-50 million in the United Kingdom [Williams et al., 2012,
Del Mundo and Sutheerawattananonda, 2017]. Considering the huge
cost associated with the maintenance of sewage drainage network, it is
imperative to look for long term sustainable solutions for issues pla-
guing the sewage drainage network.

Previous studies show that the addition of fly-ash [Aydin et al.,
2007, Torii and Kawamura, 1994, Jeon et al., 2006], slag [Jeon et al.,
2006], silica fume [Torii and Kawamura, 1994, Jeon et al., 2006], and
nano-silica [Mahdikhani et al., 2018, Deb et al., 2016] improve the acid
resistance of blended concrete mixes by consuming free lime released
by the hydration reaction of OPC. Another study by Kusum et al.
[Kusum et al., 2018] showed positive benefits of using alternative
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binder materials for sewer concrete structures to reduce fat, oil, and
grease related sanitary sewer overflows. All these SCM at different re-
placement levels [Aydin et al., 2007, Jeon et al., 2006, Kusum et al.,
2018, Xie et al., 2018, Li and Peethamparan, 2018] have shown positive
benefits in addressing these issues. However, based on the authors best
knowledge, there is very limited or no research available on the de-
velopment of an eco-friendly zero cement composite that can withstand
the acidic environment present within the sewage pipes and can elim-
inate the residual lime that leaches out and contributes towards the
formation of fatbergs, thereby clogging the sewage pipes. Therefore, to
address this research gap, an experimental investigation was under-
taken in a progressive stepped approach replacing 70 — 100% of OPC to
develop a zero cement concrete that meets the strength requirements of
concrete sewage pipes [ASTM International. C76M-19b 2019] and can
withstand the aggressive acid environment present in the sewage water.
In addition, this study aims to minimise or eliminate the free lime
content present in hardened cement concrete that can potentially leach
out and interact with FOG resulting in the deposition and accumulation
of its calcified form thereby clogging the sewage pipes.

2. Materials and methodology
2.1. Materials

The materials used in this research were; OPC, ground granulated
blast furnace slag (Slag), fly-ash (FA) and hydrated lime (HL) sourced
from Cement Australia P/L, nano-silica (NS) sourced from Sigma
Aldrich P/L and superplasticizer “Master Glenium SKY 8379” sourced
from BASF Australia P/L.

2.2. Methodology

The experimental program was carried out in a two staged process.
In the first stage, the physical, chemical, and mineralogical properties
of the raw material were investigated i.e. ordinary Portland cement,
slag, fly-ash and nano-silica using laser diffraction particle size analysis,
X-ray fluorescence (XRF) and X-ray diffraction (XRD). In the second
stage, the compressive strength of the different concrete mixes and their
performance in an aggressive acidic environment were studied. The 28-
day cured hardened concrete samples were soaked in 3.5% sulfuric acid
solution, having a pH value of 0.2, for 28 and 56 days. A study con-
ducted by Vincke et al. [Vincke et al., 2001] on the acidic environment
of the corroded sewage pipes found that their pH varied between 7.2
(neutral) in the biofilm covering the bottom and 2.9 (acidic) at the
crown of the sewer pipe. The corrosion of the concrete pipes under this
level of acidic pH progresses slowly and is a long-term process.

Fig. 1. Acid corrosion and FOG clogging of concrete pipes (recreated from the original sources [Wu et al., 2018, FOG, 2018])
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Fig. 2. Relevance of compressive strength test on acid corroded samples

Therefore, to address the time constraints, this experiment was carried
out in an aggressive accelerated environment by using very low (0.2)
pH 3.5% sulfuric acid solution. To identify the effect of the aggressive
acid environment on concrete corrosion a range of concrete mixes were
assessed for mass loss after 28 and 56 day soaking in the acid solution.
Photographic images were also taken for visual identification of the
corroded state of the concrete cubes of the different mix designs. Ideally
compressive strength tests could be carried out to ascertain the reduc-
tion in the compressive strength of the acid corroded concrete in
comparison to the original sample (the ones not kept in acid solution).
However, there are various factors that affect the compressive strength
results of the acid corroded samples, as discussed below:

The compressive strength of the concrete would vary between the
sections exposed and unexposed to the acid environment. Moreover, the
deterioration of concrete is not consistent among all the samples with
very irregular and zig-zag surface. A lot of approximation in the mea-
surement of the dimensions would be required to measure force/stress-
area to ascertain the compressive strength, that may not be a true re-
flection of the actual compressive strength of the corroded sample
(Fig. 2(a)).

The corroded concrete has irregular zig-zag shape with exposed
coarse aggregates and carrying out compressive strength test on such a
sample would have stress concentration points as shown in Fig. 2(b).
Therefore, the compressive strength of the tested sample would not be
reflective of their true values.

The structural strength of a concrete pipe would be affected by the
reduction in the structural thickness (i.e. mass loss due to corrosion).
Even if the unexposed section of the concrete pipe or any structural
member in general has no loss of compressive strength, the structural
member would still lose its design structural strength because of the

reduction in its profile thickness (i.e. again can be represented with the
mass loss of concrete). Please refer Fig. 2(c) for further details.

To ascertain the physicochemical changes taking place within the
cement matrix due to the variation in the mix designs, and their effect
on the concrete corrosion, XRD and TGA analysis were carried out on
the hardened cement paste samples and SEM on hardened concrete
samples.

2.2.1. Chemical and mineral composition of ordinary portland cement, slag,
fly-ash and nano silica

The chemical composition of ordinary portland cement, slag, fly-
ash, and nano-silica were obtained using Bruker AXS S4 Pioneer X-ray
fluorescence instrument. Table 1 shows the chemical composition of the
OPC, slag, fly ash, and nano-silica.

X-ray diffraction (XRD) was conducted on oven-dried powder
samples of ordinary portland cement, slag, fly-ash and nano silica
(Fig. 3) using the following equipment and settings:

XRD equipment: Bruker AXS D4 Endeavour

Detector: lynxeye linear strip detector

X-ray radiation source: Cu-Ka

Current and voltage settings: 40-mA current and 40-kV voltage

Table 1
Chemical composition

Materials SiO, CaO Al,O3 Fey,03 SO3 MgO Na,0O KO TiO,

oPC 21.8% 63.9% 5.1% 3.8% 22% 24% 0.3% 02% 0.3%
Slag 30.3% 47.8% 12.9% 0.4% 2.7% 45% 0.4% 0.5% 0.5%
FA 73.5% 0.4% 22.5% 1.1% 0.2% 0.4% 0.2% 0.3% 1.4%
NS 99.9% - - - - - - - -
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Table 2
Amorphous and crystalline composition of OPC and Slag
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C,S CsS C4AF CsA cC MgO CS(G) CH CS(B) Quartz Amorphous
OPC 6.7% 63.4% 7.1% 7.4% 7.2% 2.2 3.6% 1.2% 0.9% 0.3 -
Slag 2.9% - - - 2.7% 4.7% - - - 89.7%

C3S=Ca3Si0s, CoS=CaySi0,, C3A = CazAl,0g, C4AF = CanAl 3,Fe; 6305, CH=Ca(OH),, CS(G) = CaS04.2H,0), CC=CaCO,, CS(B) = CaS0.,.0-5H,0

Table 3
Amorphous and crystalline composition of fly ash

Material Crystalline phases Amorphous phases

Si0,  Ali¢Si; 409, FesO, TiO, Si0, AlLO;

Fly ash 23.7%  29.2% 1.3% 1.1% 43.7% 1.0%
Table 4

Particle size distribution in microns (um)

Particle Size OPC Fly ash Slag Nano silica*
Dio 2.7 2.2 2.7 7 nm

Das 6.5 5.7 6.6 -

Dso 15.4 13.9 14.1

Dys 28.3 32.9 23.6

Doo 44.2 75.1 33.6

D[4,3] Mean 24.6 28.6 16.4

* Particle size in nanometers

Testing range: 5° to 70° 2-theta
Step size: 0.01° 2-theta
Counting time: 1 s per step.

2.2.2. Concrete mix designs

Table 5 shows all the mix designs investigated in this study. Hy-
drated lime was used as an alkaline activator in the mix designs not
containing any OPC content. The various combinations of cementitious
material (i.e. OPC, slag, fly ash, and nano silica) and hydrated lime
were selected based on our previous studies [Roychand et al., 2016,
Roychand et al., 2016, Roychand et al., 2017, Roychand et al., 2018].
Water cement ratio was kept low to reduce concrete porosity which is
beneficial with regard to the durability properties of the concrete mixes
[Kim et al., 2014]. Superplasticizer was added to all mix designs to
assist in reducing the w/c and separation of the individual particles of
the cementitious material [Nkinamubanzi et al., 2016], which further
improves the hydration/pozzolanic reaction of the cement composites.
The quantity was varied based on trial mixes to achieve similar con-
sistency of the wet mixes. Since nano-silica has very high surface area it
significantly increases the superplasticizer requirement [Sonebi et al.,
2015].

Fig. 3. X-ray diffractograms of OPC, Slag, fly ash and nano silica the amorphous and crystalline mineral composition of OPC and slag are presented in Table 2 and
that of fly-ash are shown in Table 3. The particle size distribution of the raw powdered binder material is presented in Table 4.
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Table 5
Concrete mix design
Design Mix Percentage HL S/CM CA/CM W/CM SP
Cementitious material (CM) (% of CM) (by weight) (by weight)
OPC Slag FA NS < 2.36mm 7mm 14mm
C 100 - - 0 1.5 1.15 1.1 0.3 12
M1 25 - 75 - 0 1.5 1.15 1.1 0.3 10
M2 25 - 70 5 0 1.5 1.15 1.1 0.3 45
M3 25 75 - 15 1.5 1.15 1.1 0.3 20
M 4 - 25 70 5 15 1.5 1.15 1.1 0.3 55
M5 30 - 70 0 1.5 1.15 1.1 0.3 10
M6 30 - 65 - 0 1.5 1.15 1.1 0.3 45
M7 - 30 70 - 15 1.5 1.15 1.1 0.3 20
M8 30 65 5 15 1.5 1.15 1.1 0.3 55

S = sand, CA = coarse aggregate, W=water, SP = superplasticizer (mLkg ' of cementitious material)

Fig. 4. XRD diffractograms of hydrated cement paste samples at 7 and 28 days of curing

2.2.3. Experimental program

2.2.3.1. Concrete compressive strength. Three replicates of 1000 x
200mm concrete cylinders were cast for concrete compressive
strength test for 7, 28 and 56 days of curing age. All the samples
were cured as per AS 1012.8.1: 2014 [AS 1012.8.1 2014] and tested at
7, 28 and 56 in accordance with AS 1012.9:2014 [AS 1012.9:2014
2001].

2.2.3.2. XRD and TGA of hydrated paste. 25mm cube cement paste
samples were casted for X-ray diffraction and thermogravimetric
analysis, keeping the same curing conditions as that of the concrete
samples. One day before the day of testing the hardened cement paste
samples were taken out of the curing water and air dried for 24 hrs. On

the day of testing they were finely crushed using pestle and mortar.
Unreacted physically bound water present in the crushed material was
removed using solvent replacement method as described in [Roychand
et al., 2017]. The solid material was filtered out from the solvent, dried
for 24 hours in an oven at 45 degree centigrade temperature,
micronized using a ring mill and kept in sealed plastic containers
before carrying out X-ray diffraction (XRD) and thermogravimetric
analysis (TGA). Quartz present as a crystalline component of fly ash
shows very strong peaks and it suppresses other important peaks of
ettringite, portlandite and gypsum, therefore the XRD data was
conducted on the dried and micronized cement paste samples from 5°
to 20° 2-theta using the same instrument settings as described in
Section 2.2. The XRD data was analysed in conjunction with the TGA
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data to get a clear understanding of chemical changes taking place
within the hardened cement paste of various mix designs.

TGA was carried out using PerkinElmer STA 6000 equipment in an
inert environment using nitrogen. The flow rate of nitrogen was
maintained at 19.8mL min~'. The dried cement paste samples were
tested between 40 and 850 °C temperature with a heating rate of 20 °C

min~ .

2.2.3.3. SEM of 28 day cured hydrated concrete. The scanning electron
microscopy (SEM) was carried out on a small section taken out from the
internal part of the concrete sample using FEI Quanta 200 SEM at
magnification level of 2500x.

2.2.3.4. Concrete acid attack (Sulphuric acid). 100 X 100 X 100mm
concrete cube samples were initially cured for 27 days, dried in a
convection oven at 30 °C for one day, weighed for their initial dry mass
and then dipped in 3.5% Sulfuric acid solution having a pH value of 0.2,
for another 28 and 56 days. The pH of the acid solution was checked
every week and maintained at the same pH value. On the day of testing,
the samples were taken out of the acid solution washed with plain water
to remove any loose material, dried in a convection oven at 30 °C for
one day and then weighed to check for any mass loss. Low-temperature
drying was undertaken to preserve various phases, like C-S-H/C-A-S-H,
Aft and AFm, that have low thermal breakdown temperatures varying
between 50 — 250 °C [Scrivener et al., 2016].

3. Results and discussion
3.1. X-ray diffraction and thermogravimetric analysis

Fig. 4 shows X-ray diffractograms of hydrated cement pastes of
various mix designs at 7 and 28 days of curing. Since quartz present in
fly-ash shows a very strong XRD peak that overshadows the other
smaller but important peaks such as ettringite, gypsum, and portlandite
etc., the XRD data is presented from 5 to 20 °20. The various phases
identified in the XRD diffractograms were E = ettringite [Cag Al,
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(SO4)3 (OH);5 * 26H,0], G = gypsum [CaSO4 * 2H50], I = ilvaite [Ca
Fes SigOs (OH)], A = Alite [Cag SIOS], M = mullite [Alz'gg 04.86 Si0'72],
P = portlandite [Ca(OH).], L = larnite [Cay SiO4]. The results are
discussed in detail in Section 3.3 compressive strength analysis.

Fig. 5 shows the derivative curves of the TGA data of all mix designs
at 7 and 28 days of curing. To reduce the noise in the derivative curves
the data was smoothened using origin software. The TGA data is ana-
lysed in detail in Table 6. The second column shows the actual mass loss
from overlapping group of phases i.e. C-S-H/C-A-S-H/AFt/AFm, and
gypsum (where present). The third column shows the ideal mass loss of
the same group of phases based on the hydration reaction of the actual
amount of OPC present in the mix design, assuming if no pozzolanic
reaction takes place. To explain further, mass loss of 100% OPC mix,
between 50 — 250 °C temperature at 7 days of curing = 7.18% (Table 6)

Therefore, the ideal mass loss of a blended mix containing 25% OPC
(M1) at the same temperature range and curing age should have
been = % x 7.18% = 1.8% (rounded off)

Similar way the calculations for C-A-H were performed. CH; (por-
tlandite) and CC; (calcite) as shown in columns 6 and 7 in Table 6 are
the actual amounts of these phases identified through the TGA analysis
at particular curing ages. The identified CH; and CC; were calculated
from the mass loss due to the release of chemically bound H,O and CO,
from portlandite and calcite are as shown below:

M0 cn * %
cH = — 2 18400 [9]
Mso (E1)
~390—510°C
Ca(OH)2 ——— CaO + H20 1 (R1)
M * 100
CC= — 20 4 w00 [9)
Ms, (E2)
~510-800°C
CaCO3 ——— CaO + CO2 1t (R2)

Equation (E1) provides the formula to calculate the actual quantity
of Ca(OH), present in the hydrated cement paste using the TGA ana-
lysis. The mass loss of the chemically bound water due to the thermal

Fig. 5. Derivative thermogravimetric curves of hydrated cement paste samples
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Table 6
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TGA data analysis - mass loss due to the thermal breakdown of different phases/group of phases

C-S-H/C-A-S-H / Aft / AFm / Gypsumchemically bound C-A-Hchemically bound water (%% Identified Identified Actual Released Ideal Release

water (%) CH; (%) CG; (%) CH,, (%) CH;, (%)
Mix Actual Formation Ideal Formation Actual Formation Ideal Formation

7d 28d 7d 28d 7d 28d 7d 28d 7d 28d 7d 28d 7d 28d 7d 28d
C 7.18 8.56 7.18 8.56 1.30 1.37 1.30 1.37 460 7.08 12.01 10.90 13.49 15.15 13.49 15.15
M1 228 3.13 1.80 2.14 0.62 0.90 0.33 0.34 1.31 1.02 312 391 3.62 3.91 3.37 379
M2 3.30 4.18 1.80 2.14 3.24 3.94 0.33 0.34 - - 2.05 230 1.52 1.70 3.37 379
M3 3.07 3.54 0.00 0.00 1.54 1.87 0.00 0.00 451 436 7.90 6.33 10.36 9.04 13.04 13.04
M4 3.44 4.31 0.00 0.00 2.83 3.25 0.00 0.00 - - 9.20 6.19 6.81 4.58 13.04 13.04
M5 298 4.12 2.15 2.57 0.66 1.38 0.39 0.41 1.50 1.31 420 5.05 4.61 5.05 4.05 4.55
M6 4.07 4.95 2.15 2.57 3.57 4.07 0.39 0.41 - - 243 267 1.80 1.98 4.05 4.55
M7 373 4.34 0.00 0.00 2.21 2.41 0.00 0.00 437 395 6.67 569 931 8.16 13.04 13.04
M8 417 4.86 0.00 0.00 3.31 3.67 0.00 0.00 - - 7.87 5.48 5.82 4.06 13.04 13.04

breakdown of Ca(OH), as per reaction (R1) is used to calculate the
original mass of Ca(OH), present in the sample. Equation (E2) provides
the formula to calculate the actual amount of CaCO3 present in the
hydrated cement paste. The mass loss of the chemically bound CO, due
to the thermal breakdown of CaCO; as per reaction (R2) is used to
calculate the original mass of CaCO3 present in the sample.

Where, My2ocy = mass loss from dehydroxylation of portlandite

Fraction % to convert Ca(OH), bound water into actual Ca(OH),
mass

Molar mass of Ca(OH), = 74 and that of H,O = 18.

Mcozcc = mass loss from the de-carbonation of the CaCO3

Fraction % to convert mass loss due to CO, to CaCO3 mass

Molar mass of CaCO; = 100 and that of CO, = 44

It is to be noted that part of the portlandite gets converted to calcite
on coming in contact with carbon dioxide present in the atmosphere.
Therefore, to identify the actual portlandite released by the hydration
reaction of calcium silicates (C,S and C3S) present in OPC, the identi-
fied CC; (calcite) was converted into its portlandite equivalent using the
following formulae:

€aCO3 mass Xx 56 [To convert CaCO3 into CaO]

CaO mass =
100 (E3)

CaO mass

Ca(OH)2 mass = Xx 74 [To convert CaO into Ca(OH)2]

(E4)

Equation (E3) provides the formula to calculate the amount of CaO
present in the identified CaCO3 that is further used to calculate the total
Ca(OH) as per equation (E4), that ideally would have been present if
none of it had been converted into CaCO3 on coming in contact with the
atmospheric CO2.

In equations (E3) and (E4), 56 is the molar mass of CaO, 100 is of
CaCOs3 and 74 is of Ca(OH),. The portlandite equivalent obtained from
the conversion of calcite is added to the portlandite identified in the
TGA analysis to obtain the total portlandite released by the hydration
reaction of calcium silicate (C.S and C3S) phases and is termed as CH,,
as shown in column 8 of Table 6. Column 9 shows the portlandite
content that should have ideally been released by the hydration reac-
tion of the actual percentage of OPC present in a particular mix design.
The results are discussed in detail in section 3.3 compressive strength
analysis.

3.2. Scanning electron microscopic analysis

Fig. 6 shows the microscopic images of the hardened concrete
samples at 28 days of curing. The control mix containing 100% OPC
shows a very dense matrix along with shrinkage cracks. On partially
replacing OPC with 75% fly ash in M1, a significant reduction in the
strength forming gel formation along with a large number of unreacted
fly ash particles were observed in the cement microstructure. With the

increase in the cement content from 25% in M1 to 30% in M5 followed
by the corresponding reduction in the fly ash content from 70% to 70%,
an increase in the gel formation and the reduction in the unreacted fly
ash particles were observed.

In M2, the fly ash content was partially replaced with 5% nano si-
lica, which brought about a considerable increase in the gel formation
followed by a considerable reduction in unreacted fly ash particles in-
dicating that nano silica not only increases the strength forming gel it
also accelerated the pozzolanic reaction. With a further increase in the
OPC content from 25% in M2 to 30% in M6, followed by the reduction
in the corresponding fly ash content from 70% to 65% and keeping the
nano silica content as 5%, an improvement in the gel formation fol-
lowed by the refinement of the microcracking was observed. In M3 the
25% OPC component of M1 was replaced with 25% of slag, together
with 15% addition of hydrated lime as an alkaline activator. The SEM
image of M3 showed a similar microstructure to that of M1. However,
the strength forming gel in case of M1 was produced by the hydration
reaction of OPC and the pozzolanic activity of fly ash, but in case of M3
the whole strength forming gel was produced by the pozzolanic activity
of fly ash and slag. With a further increase in the slag content from 25%
in M3 to 30% in M7, followed by a reduction in the corresponding fly
ash content from 75% to 70% an improvement in the gel formation was
observed in comparison to that of M3. In M4, the fly ash content of M3
was partially replaced with 5% nano silica. This replacement brought
about a considerable increase in the gel formation followed by a con-
siderable reduction in the unreacted fly ash particles again reinforcing
our earlier observation that nano silica not only increases the strength
forming gel it also accelerates the pozzolanic reaction of the cement
composites. On increasing the slag component from 25% in M4 to 30%
in M8 followed by the corresponding reduction in the fly ash content,
the SEM image of M8 did not show any significant difference in the
cement microstructure to that of mix M4. However, a noticeable in-
crease in the strength forming gel was identified in nano silica modified
mix M8 in comparison to that of mix M7 not comprising nano silica.

3.3. Compressive strength analysis

Fig. 7 shows the compressive strength results of the concrete sam-
ples at 7, 28 and 56 days of curing. By replacing 75% of OPC with fly-
ash in M1 there was 75.8, 63.3 and 56% reduction in the 7, 28 and 56
day compressive strength results compared to that of the control mix.
The reduction in the compressive strength with the addition of fly ash
has also been reported by other researchers [Sahmaran et al., 2009,
Liu, 2010]. This was also reflected in a significant reduction in the mass
loss between 50 to ~250 °C temperature (Table 6) that includes the
major strength forming C-S-H/C-A-S-H phases including the ettringite
phase that also contributes towards the initial strength [Midgley and
Pettifer, 1971, Yan et al., 1999].The ideal release of portlandite from
the reaction of calcium silicate phases was 3.37% and 3.79% at 7 and
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Fig. 6. SEM images of concrete samples at 28 days of curing

28 days, respectively; however the actual release was higher i.e. 3.62%
and 3.79%. Corroborating the ideal vs actual portlandite release with
ideal vs actual formation of C-S-H/C-A-S-H/C-A-H phases, it was no-
ticed that the actual C-S-H/C-A-S-H/C-A-H phases recorded were more

than what ideally should have formed by the hydration reaction of 25%
OPC content in M1. This indicates that the actual release of portlandite
was more than the resultant recorded in the 7 and 28 days showing the
increase in the hydration reaction of OPC, a part of which reacted with

Fig. 7. Concrete compressive strength results
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fly-ash to produce additional C-S-H/C-A-S-H/C-A-H content. The SEM
images of M1 show a large number of unreacted and partly reacted fly-
ash particles with the sparse formation of the strength forming gel
compared to the dense matrix of the control mix providing the micro-
structural evidence of the reduction in strength of M1 compared to that
of the control mix.

When the OPC content was increased in mix M5, there was 45, 32.9,
18.5% improvement in the respective 7, 28 and 56 day compressive
strength results, in comparison to that of mix M1. The increase in
strength was clearly reflected in the corresponding increase in the C-S-
H/C-A-S-H and C-A-H gel formations in addition to the increase in the
actual portlandite released (CH,,) within the cement matrix of M5, in
comparison to that of M1 (Table 6). This also shows an improvement in
the hydration/pozzolanic reaction because of the increase in OPC
content and the decrease in the fly-ash content. The increased amount
of OPC produces higher C-S-H/C-A-S-H and C-A-H gel in addition to the
increased release of portlandite content that is exposed to the higher
amount of fly-ash particles thereby increasing the pozzolanic reaction
and producing additional strength imparting C-S-H/C-A-S-H/C-A-H gel.
This increased gel formation was also reflected in the SEM image of M5
compared to that of M1 (Fig. 6).

In mix M2 a part of the fly-ash content of M1 was replaced with 5%
of amorphous nano-silica, keeping the remaining material composition
the same as that of M1. With the replacement of a part of fly-ash with
nano-silica, M2 showed 164.2, 122.5 and 88.8% improvement in its
compressive strength results, which was also reflected in the increase in
the C-S-H/C-A-S-H and C-A-H content followed by the total consump-
tion of the portlandite released by the hydration reaction of OPC. The
positive effect of the increase in compressive strength with the addition
of nano silica has been reported by other researchers [Zhang and
Islam, 2012, Hou et al., 2013]. The increase in C-S-H content followed
by the total consumption of portlandite clearly shows the increased
pozzolanic reaction of nano-silica that contributed towards its strength
improvement [Roychand et al., 2018]. However, a significant increase
in the C-A-H (Table 6) and ettringite contents (Fig. 4) of M2 compared
to that of M1 indicate that the addition of nano-silica not only increases
the pozzolanic reaction it also accelerates the hydration/pozzolanic
reaction of the blended cement composites [Roychand et al., 2018,
Bjornstrom et al., 2004]. The SEM image of M2 shows a significant
increase in its strength forming gel, indicating a substantial improve-
ment in its cement microstructure, compared to that of M1. On in-
creasing the OPC content to 30% in mix M6, it showed 12.9, 6.5, 4.8%
improvement in corresponding compressive strength results at 7, 28
and 56-days of curing, in comparison to that of mix M2. This was
supported by the increase in C-S-H/C-A-S-H and C-A-H contents fol-
lowed by the total consumption of the portlandite which ideally must
have been released in higher quantity than that of mix M2 because of
the increase in OPC content. There was a small increase in the ettringite
peak of M6 compared to that of M2 as seen in the XRD diffractograms
because of the increase in sulfate and calcium aluminate contents from
the increased percentage of OPC in M6. The increase in the C-S-H/C-A-
S-H and C-A-H contents followed by the increase in compressive
strengths of M6 compared to that of M2 were also supported by the
denser microstructure with finer microcracks in M6 compared to that of
M2. Similar observations were reported by other researchers in pre-
vious studies [Singh et al., 2013, Zhang et al., 2018].

Mix M3 had a similar mix design as that of M1 but the OPC content
present in M1 was replaced with slag in M3. Both slag and fly-ash need
alkaline activator for the pozzolanic reaction therefore hydrated lime
was added to the mix design as an alkaline activator. At 7 days M3
showed similar strength as that of mix M1, however at the curing ages
of 28 and 56 days, it showed 24.3 and 10.1% improvement in com-
pressive strength compared to that of M1. Even though there was no
noticeable change between M3 and M1 compressive strengths at 7 days,
M3 showed higher mass loss associated with the C-S-H/C-A-S-H/AFt/
AFm group of phases than that of M1. This increase in mass loss is most
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likely due to an increase in ettringite content of M3 compared to that of
M1, which contains a considerably higher amount of chemically bound
water compared to that of the C-S-H/C-A-S-H phases. The increase in C-
S-H/C-A-S-H and C-A-H phases followed by a considerable consumption
of portlandite content as can be seen in CH,, vs CH;, contents clearly
indicating the pozzolanic reactivity of amorphous silica and alumino-
silicates phases present in slag and fly-ash, that contributed towards the
strength development of M3 at various curing ages. The SEM image of
M3 shows a similar microstructure to that of M1. The only difference is
the strength forming gel in case of M1 was produced by the hydration
reaction of OPC and the pozzolanic activity of fly ash, however, in M3
the whole strength forming gel was produced by the pozzolanic activity
of fly ash and slag.

In mix M7 the slag content was increased from 25% as in M3 to
30%, replacing a part of fly ash content but the hydrated lime content
was kept the same. It showed 18.8, 13.4 and 12.5% improvement in the
compressive strength results at the respective 7, 28 and 56 days of
curing, in comparison to that of mix M3. This shows that the pozzolanic
reactivity of slag was higher than that of fly ash, which has also been
reported by other researchers [Nedeljkovic et al., 2018, Kuder et al.,
2012]. This is most likely because of the following two reasons: (i) the
mean particle size (D[4,3]) of slag was significantly lower than that of
the fly ash that increases the surface area for the pozzolanic reactivity
and (ii) the amorphous silica/aluminosilicate content of slag was sig-
nificantly higher than that of the fly ash. The higher reactivity of slag in
M7 was also visible in the increase in the C-S-H/C-A-S-H and C-A-H
phases followed by higher consumption of the portlandite content
compared to that of M3. Another important aspect that is to be noted is
that where M3 showed similar strength as that of mix M1 at 7 days, M7
showed a small reduction in comparison to that of M5 (Fig. 8a). At 28
and 56 days of curing the increase in compressive strength of M7 vs M5
was lower than that of M3 vs M1 (Fig. 8). This shows that the negative
effect of the replacement of OPC content with the equivalent amount of
slag increases with the increase in the replacement level; however,
within the upper range of 25 - 30% replacement levels the performance
of slag was at par or better than that of the OPC. The SEM image
showing the microstructure of M7 showed an improvement in the gel
formation compared to that of M3; however, no considerable difference
was observed compared to that of M5.

In mix M4, the FA content of M3 was partly replaced with 5% of
nano-silica that brought about 100, 39.1, and 43.1% increase in its
corresponding 7, 28 and 56-day compressive strength results, in com-
parison to that of mix M3. The TGA data shows a noticeable increase in
the pozzolanic reactivity of M4 as evident in the increase in its C-S-H/C-
A-S-H and C-A-H gel formations, and a significant increase in the con-
sumption of its portlandite content at both 7 and 28days, compared to
that of M3. To identify the relative benefit of partly replacing fly ash
content of nano-silica, slag, fly ash and hydrated lime blended mix M4
with slag, the slag content was increased from 25% as in M4 to 30% in
mix M8, keeping the remaining material composition the same. The
compressive strength of M8 showed 17.4, 10.7 and 10.6% improvement
at the respective curing ages of 7, 28 and 56 days, in comparison to that
of mix M4. This was also reflected in the increase in the C-S-H/C-A-S-H
and C-A-H gel formations supported by an increase in the consumption
of the portlandite content of M8 in comparison to that of mix M4. This
supports our previous observation that because of the higher surface
area and amorphous silica/aluminosilicate content of slag the pozzo-
lanic reactivity of slag is higher than that of fly ash. The SEM image of
M8 did not show any considerable difference in the cement micro-
structure to that of mix M4, however, a noticeable increase in the
strength forming gel was identified in nano silica modified mix M8 in
comparison to that of mix M7 not comprising nano silica.

3.4. Concrete acid attack analysis

Fig. 9 shows the mass loss of concrete samples of various mix
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Fig. 8. Graphs showing (a) the effect of replacing OPC with slag in blended mixes not containing nano silica (b) the effect of replacing OPC with slag in blended mixes
containing nano silica (c) the effect of an increase or decrease of slag and fly-ash on the compressive strength of concrete mixes

designs after keeping 28 and 56 days in 3.5% sulfuric acid solution. The
control sample showed a significant mass loss at 28 days which sig-
nificantly increased further at 56 days of soaking in 3.5% sulfuric acid
solution. Similar observations were reported by Bassouni and Nehdi
[Bassuoni and Nehdi, 2007]. This mass loss was also visible in the
highly corroded picture of water washed control sample after 56 days of
soaking in acid solution as shown in Fig. 10. Fig. 11 shows an off-white
froth formation around the control sample at 56 days of soaking in
sulfuric acid solution. It was collected and dried in an oven at 40 °C

temperature for 24 hours before carrying out XRF and XRD analysis to
ascertain its elemental and mineralogical composition. The XRD dif-
fractogram shows various forms of calcium sulfate in addition to the
presence of quartz. Table 7 shows the presence of a very large quantity
of portlandite (CH;) and calcite (CC;) at 28 days of curing. Sulfuric acid
reacts with portlandite and calcite to produce calcium sulfate as per the
following equations:

Ca(OH), + H,SO4, = => CaSO,4 + 2H,0

CaCO; + H,SO4 = => CaSO,4 + CO,! + 2H,0

Fig. 9. Mass loss in concrete samples after 28 and 56 days of soaking in 3.5% sulphuric acid solution
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Fig. 10. Effect of soaking 28 day cured concrete samples in 3.5% sulfuric acid solution for an additional 56 days

Fig. 11. Picture (left) showing the froth formation around the control sample kept in 3.5% sulfuric acid solution for 28 days and the graph on the right shows the XRD
diffractogram of the froth along with its XRF analysis.

Table 7
Identified portlandite (CHj), calcite (CC;) and the calculated actual release of portlandite (CH,,) from TGA analysis at 28 days of curing extracted from Table 6.
C M1 M2 M3 M4 M5 M6 M7 M8
CH; % @ 28 days of curing 7.08 1.02 - 4.36 - 1.31 - 3.95 -
CC; % @ 28 days of curing 10.90 3.91 2.30 6.33 6.19 5.05 2.67 5.69 5.48
CH,, % @ 28 days of curing 15.15 3.91 1.70 9.04 4.58 5.05 1.98 8.16 4.06
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The formation of froth around the control concrete sample was most
likely because of the introduction of CO, gas into the large volume of
calcium sulfate formed after the reaction of sulfuric acid with the
portlandite and calcite content present in the sample. The quartz peak
present in the XRD diffractogram of the froth material is most likely
from the sand content dislodged from the concrete matrix. This is due to
the volume expansion of the calcium sulfate produced by the reaction of
sulfuric acid and portlandite/calcite phases, compared to the volume of
the reactants (factor of 2.2), that induce tensile stresses within the ce-
ment matrix, resulting in cracking and spalling [Bassuoni and
Nehdi, 2007, Monteny et al., 2001]. The XRF data of the froth content
show a small amount of alumina and ferrite content, which most likely
is produced from the cracking and spalling of the hydrated calcium
aluminate and alumino-ferrite phases present in the cement matrix.

Mix M1 containing 25% OPC and 75% fly-ash showed a very small
amount of mass loss compared to that of the control mix. Similar results
were reported by Dinakar et al. [Dinakar et al., 2008]. This was also
reflected in the picture of M1 (Fig. 10) that showed negligibly small
damage to the concrete surface compared to that of the control sample.
The portlandite and calcite contents present in M1 were significantly
lower than that of the control sample at 28 days of curing when they
were dipped in the acid solution. Even though the CH,, content of M1 is
approximately 26% of that of the control sample the mass loss was not
proportionate to that of the control sample. The portlandite content of
M1 was significantly lower than that of the control sample that most
likely decreased its alkalinity thereby making the acid-base reaction
less aggressive. Also, due to the lower portlandite and calcite contents
present in M1 the resultant production of gypsum that expands in vo-
lume would also reduce significantly, thereby producing significantly
less damaging effect compared to that of the control sample. With the
increase in OPC content in M5 from 25 to 30% compared to that of M1,
the resultant production of portlandite and calcite contents at 28 days
of curing were also increased. This resulted in the increase in the pro-
duction of gypsum thereby increasing the damage to the concrete
sample of M5 compared to that of M1, which was also reflected in the
corroded picture of M5 as shown in Fig. 10.

In mix M2 a part of FA content of M1 was replaced with 5% of
amorphous nano silica, keeping the remaining material composition the
same as that of M1. The portlandite content released by the hydration
reaction of calcium silicates was totally consumed by the pozzolanic
reaction of nano silica and fly ash, however a small amount of calcite
was present at 28 days of curing as shown in Table 7. Similar ob-
servations of the significant increase in the consumption of the por-
tlandite by the addition of nano silica were reported by Hou et al.
[Hou et al., 2013] and, Shaikh and Hosan [Shaikh and Hosan, 2019].
Fig. 9 shows a negligibly small amount of mass loss in M2 that is most
likely because of the reaction of the small amount of calcite present in
the sample with the sulfuric acid solution. Very small micro scale sur-
face damage was observed on the samples, which can be identified on
zooming into the reduced sized picture of M2. On increasing the OPC
content of the mix design from 25% in M2 to 30% in M6, even though
the potential release of portlandite was higher because of the increase
in OPC content it was all consumed by nano silica and fly ash present in
the mix design. A small amount of calcite content was observed in M6
which was higher than that of M2 and contributed towards a small
increase in its mass loss in comparison to that of M2. M6 showed small
surface damage in the form of microcavities and surface cracking which
again can be identified on zooming into the reduced-size picture of M6.

Mix M3 had a similar mix design as that of M1 but the OPC content
present in M1 was replaced with slag in M3 and 15% hydrated lime was
added as an external source of an alkaline material for the pozzolanic
reaction. Our previous study [Roychand et al., 2018] shows that
without an alkaline activator a cement composite containing low cal-
cium fly ash and slag does not undergo any pozzolanic reaction to gain
any structural strength, therefore, addition of an alkaline activator is a
absolutely required. The total remaining portlandite at the end of 28
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days of curing was 9.04% out of which 4.36% was present as portlan-
dite and the remaining was converted to 6.33% of calcite. This large
amount of portlandite and calcite content in M3 compared to that of M1
aggravated the damaging effect of the acid-base reaction on keeping the
samples in the sulfuric acid solution. Fig. 9 shows a respective mass loss
of 2.5 and 3.1% in M3 at 28 and 56 days of soaking periods in 3.5%
sulfuric acid solution. This damage was also reflected in the sample
condition picture of M3 as shown in Fig. 10. On further increasing the
slag content from 25% in M3 to 30% in M7 the consumption of por-
tlandite was increased. The remaining total portlandite was reduced to
8.16% which was present as 3.95% as portlandite and 5.69% as calcite
content in M7. This reduction in remaining portlandite and calcite
contents also reduced the damaging effect of acid-base reaction on M7,
thereby reducing the mass loss to 2.1 and 2.6% compared to that of M3
at respective 28 and 56 days of acid soaking. The visual appearance of
the damaged sample of M7 did not show any considerable difference
compared to that M3 (Fig. 10) after 56 days of acid soaking.

In mix M4, the fly-ash content of M3 was partially substituted with
5% nano-silica keeping the remaining material composition the same.
The addition of nano-silica accelerates the pozzolanic reaction
[Roychand et al., 2016, Roychand et al., 2018, Bjornstrom et al., 2004]
consuming all the available portlandite content. The calcite content
identified in M4 was slightly lower than that of M3. Since there was no
free lime available in the system after 28 days of curing, this most likely
reduced the pH of the cement matrix thereby lowering the aggravating
effect of the acid-base reaction on keeping the sample in 3.5% sulfuric
acid solution. The visual appearance of the damaged sample of M4
showed a significant improvement in the surface damage compared to
that of M3 but it was similar to that of M2. Though the mass loss of M4
was slightly higher than that of M2 it was still very low in the overall
damaging effect of the concrete samples kept in the acid solution. On
further increasing the slag content from 25% in M4 to 30% in M8 the
consumption of portlandite was increased and the remaining calcite
content was also reduced. The presence of no portlandite significantly
improves the performance of a concrete sample in an acid environment
thereby reducing the aggravation of the acid base reaction; however,
the presence of calcite content does induce some damaging effect on
reacting with sulfuric acid. Although M8 showed a significant im-
provement over that of M7 (not containing nano silica), it did not show
any considerable difference in both the mass loss as well as the visual
concrete damage, after 56 days in acid solution, compared to that of M4
having a slightly lower amount of slag content.

4. Conclusions and recommendations for future work

C1) An environmental friendly zero cement concrete (M8) can be
developed using multi-blended supplementary cementitious composites
that surpasses ASTM's minimum strength requirement for concrete
sewage pipes.

C2) Acid corrosion of concrete decreases with the decrease in free
lime content however even the presence of calcite has a negative effect
but to a very small degree compared to that of the portlandite. The
negligible mass loss in the concrete samples containing no free lime but
a small quantity of calcite shows that the strength forming C-S-H/C-A-S-
H/C-A-H phases can stay unaffected in the acid environment if the
concrete samples are free from portlandite and calcite contents.

C3) Higher the quantity of free lime available in the hardened ce-
ment concrete the worse is the aggravation of the acid-base reaction of
the concrete samples in acid solution resulting in the increase in mass
loss due to the acid corrosion of concrete.

C4) The zero-cement concrete so developed is highly effective in
consuming all the free lime available in the system thereby making it
highly durable in aggressive acid environments. The mass loss due to
the corrosion of concrete from the acidic environment is improved
significantly compared to that of OPC concrete making it highly effec-
tive for the manufacturing of concrete sewage pipes.
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C5) Total consumption of free lime may also help in eliminating the
effect of FOG calcification from the leaching of free lime present in
cement matrix of OPC concrete pipes, that also leads to the clogging of
sewage pipes.

R1) Recommendation number one for the future work is to look for
ways to totally consume/eliminate both the free lime and calcite from
the cement matrix to make the concrete sample completely resistant to
acid corrosion.

R2) Recommendation number two for the future work is to carry out
investigation of the long-term mechanical and durability properties of
the design concrete mixes, simulating the real-world pH conditions.
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