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Chloride-laden environments pose serious durability concerns in cement based materials. This paper presents the findings of
chloride ingress in chemically activated calcined Clay-Ordinary Portland Cement blended mortars. Results are also presented
for compressive strength development and porosity tests. Sampled clays were incinerated at a temperature of 800∘C for 4 hours.
The resultant calcined clay was blended with Ordinary Portland Cement (OPC) at replacement level of 35% by mass of OPC
to make test cement labeled PCC35. Mortar prisms measuring 40mm × 40mm × 160mm were cast using PCC35 with 0.5M
Na2SO4 solution as a chemical activator instead of water. Compressive strength was determined at 28th day of curing. As a control,
OPC, Portland Pozzolana Cement (PPC), and PCC35 were similarly investigated without use of activator. After the 28th day of
curing,mortar specimenswere subjected to accelerated chloride ingress, porosity, compressive strength tests, and chloride profiling.
Subsequently, apparent diffusion coefficients (𝐷app) were estimated from solutions to Fick’s second law of diffusion. Compressive
strength increased after exposure to the chloride rich media in all cement categories. Chemically activated PCC35 exhibited higher
compressive strength compared to nonactivated PCC35. However, chemically activated PCC35 had the least gain in compressive
strength, lower porosity, and lower chloride ingress in terms of𝐷app, compared to OPC, PPC, and nonactivated PCC35.

1. Introduction

Steel reinforced cement based materials are susceptible to
degradation when exposed to chloride-laden environments
[1]. Chlorides ingress in these materials mostly from chloride
contaminated waters such as industrial effluents, mixing
waters, and sea water [2]. They are also deliberately intro-
duced as admixtures to modify certain properties of cement
[3]. Deicing salts such as NaCl (sodium chloride) usually
added to clear the ice on roads also acts as a rich source
of chlorides in cement based materials [2]. When chlorides
ingress into the mortar/concrete to the level of rebars, if their
amounts are beyond the critical threshold concentration, they
induce and propagate pitting corrosion. Chloride-induced
corrosion causes premature deterioration of cement based
structures hence reducing their service life [4].

Chlorides ingress in cement based materials mainly
through capillary absorption, permeation, and diffusion.

Capillary absorption occurs when the surface moisture and
liquids are introduced to the cement based materials through
capillary action as a result of wetting and drying cycles. Per-
meation occurs due to buildup of hydraulic pressure gradient
that causes liquids/ions to penetrate the mortar/concrete
networks. High pressure is essential for permeation process
to occur and therefore the process is of concern in instances
such as deep sea oil rigs, tunnel linings, and hydrothermal
wells. Diffusion involves movement of molecules in form of
gas or a liquid from a high concentration to a low concentra-
tion in order to achieve system equilibrium [5]. Diffusion
is the most predominant method through which chlorides
ingress in cement based materials [6]. Chloride ingress also
occurs through a combination of two or more aforemen-
tioned processes.

Chlorides penetration in cementitious materials is
majorly dependent on cement type and binding capacity
[7]. Cementitious materials have the potential to bind a
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proportion of chlorides to them. When chlorides penetrate
cement based structures, some are either bound physically
by the calcium silicate hydrate (CSH) phase or chemically by
the alumina-ferric oxide-monosulphate (AFm) phase, while
some remain as free chlorides in the pore solution. The free
chlorides in pore solution cause depassivation of rebar [8].
They also lower the pH of the mortar/concrete surrounding
the embedded steel reinforcement, leading to pitting corro-
sion. Binding of chlorides results in their immobilization
and subsequently reducing their amount in mortar/concrete
matrix. It is generally agreed that blended cements exhibit
higher chloride binding ability due to higher amount of
alumina and CSH phases that result from the incorporated
pozzolana.

Blended cement exhibits low porosity as a result of
increased amount of secondary cementitious materials due
to pozzolana reaction [9]. Low porosity has been found to
greatly reduce the penetration of chlorides in mortars. Other
research work shows that chloride diffusion coefficient is
dependent on pore structure since pore can be both room
for holding chloride ion and route for ion diffusion [5]. Poz-
zolana materials increase nucleation sites for precipitation of
hydration products resulting in pore refinement. Low poros-
ity can also be achieved by use of mortars with high com-
pressive strength [10]. Incorporation of pozzolanic materials
in blended cements has been found to lower the permeability
of aggressive ions such as chlorides. Reduced penetration of
chloride ions in hydrated cements has been found to lower the
susceptibility of rebars to pitting corrosion [11].This has been
found to improve the durability of cement based structures.

Calcined clay has been used as pozzolanic materials for
strength enhancement and improvement of durability in
cement based structures [12]. Previous studies conducted
by the same authors [13] involved blending of calcined
clay at 35% replacement of the mass of Ordinary Portland
Cement (OPC) to make a test cement labeled PCC35. It
was established that PCC35 and Portland Pozzolana Cement
(PPC) exhibited similar performance in terms of chloride
(Cl−) ingress, apparent diffusion coefficient (𝐷app), and
strength development before and after exposure toCl−media.
In addition, it was found that PCC35 met the minimum
standard requirements of compressive strength for pozzolana
based cementmortars as specified in the EAS 148-1:2000 stan-
dard. However, the 28-day compressive strength of PCC35
was lower compared to OPC mortars. The present study
therefore aims to improve the 28-day compressive strength
of PCC35 to match or exceed that of OPC by using sodium
sulphate (Na2SO4) solution as an activator and evaluating
its performance in chloride rich media. In this study, chlo-
ride ingress in chemically activated PCC35 (PCC35-0.5M
Na2SO4) and nonactivated PCC35 (PCC35-H2O) vis-à-vis
with commercial OPC and PPC was investigated. Addition-
ally, the influence of compressive strength and porosity on
chloride ingress resistance was also evaluated.

2. Materials and Methods

2.1. Materials. OPC (42.5N) and standard sand used in
this work were supplied by East Africa Portland Cement

Table 1: Binder characteristics of the mortars.

Binder label Main binder characteristics
PCC35-H2O Cast using PCC35 and water
PCC35-0.5M Na2SO4 Cast using PCC35 and 0.5M Na2SO4
PPC-H2O Cast using PPC and water
OPC-H2O Cast using OPC and water

Company—Athi River, Kenya. Raw clay was sampled from
three different places within Ugweri region (longitude
37∘3419.47E, latitude 0∘2520.44S) in Embu County,
Kenya. In each place, three clay samples were obtained from
a depth of 0.9 meters. Clay sampled from a given place was
mixed mechanically to obtain a homogenous mixture and
stored in labeled polythene bags.

2.2. Methods

2.2.1. Calcination of Clay. The sampled clay was dried to a
constant weight at 105∘C in an oven. 5 kg of the dried clay, in
a platinum trough, was placed in an electrical muffle furnace
and allowed to heat for 4 hours at 800∘C. The resultant clay
was cooled and ground in a laboratory ball mill until 95% of
the calcined clay particles were below 45𝜇m size.

2.2.2. Binder Formulations. PCC35 was prepared bymechan-
ically blending 35% of calcined clay and 65% of OPC by
mass to make a 6 kg of PCC35 binder in an automatic
mixer for 1 hour. The pioneering research conducted by the
same authors [13] showed that PCC35 exhibited lower 28-
day compressive strength compared to OPC mortars. To
overcome this limitation, 0.5M Na2SO4 solution was used
as a chemical activator during casting of PCC35 to accelerate
its 28-day compressive strength.The composition of different
binders used in this work is given in Table 1.

2.2.3. Compressive Strength Determination. Mortar prepara-
tion, curing, and compressive strength were done in accord-
ance with EAS 148-1:2000 standard. However, slight modi-
fications were adopted. First, a water/binder (𝑤/𝑏) ratio of
0.55 was used to obtain a workable mix. Secondly, 0.5M
Na2SO4 solution was also used in place of water as a chemical
activator.

2.2.4. Determination of Porosity. The porosity of the mortars
was calculated using

𝑃 = 𝑊𝑎 −𝑊𝑏𝑊𝑎 −𝑊𝑐 × 100, (1)

where 𝑃 is the porosity, 𝑊𝑎 is the specimen weight in the
saturated surface-dry condition, 𝑊𝑏 is the specimen dry
weight until reaching constant weight in oven, and𝑊𝑐 is the
weight of saturated specimen.

2.2.5. Chloride Ingress. For each category of cement, three
prisms, cured for 28 days, were subjected to chloride pro-
filing using a method prescribed by ASTM C1202-97 (2001)
standard. Cathode compartment of an electrochemical setup
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was filled with 500 cm3 of the 3.5% NaCl solution.The anode
compartment cell was filled with 500 cm3 of the sodium
hydroxide (NaOH) solution. A mortar prism was firmly
placed in the assembled test cell using epoxy coating. A
stainless steel rod was dipped in each cell such that they
were in contact with the periphery faces of the specimen.
The rods were fastened with a clamp at both ends to hold
the whole assembly together. An external voltage cell was
used to apply a voltage difference of 12 ± 0.1V between
the electrodes. After the whole assembly was completed and
the solutions in both the anode and cathode compartments
were in place, the power was switched on. The top of the
container was covered with a polyethylene paper and the
entire model was maintained at 22 ± 1∘C. Both solutions in
the anode and cathode compartmentswere stirred at intervals
of 30 minutes for a period of 36 hours by use of a glass rod
to maintain a relatively uniform concentration throughout
the compartment depth. After the exposure duration, mortar
prisms were removed from the electrochemical setup and
they were packed and sealed in plastic bags. A mortar prism,
from the plastic bag, was polished from all sides using
sand paper. The prism was cut into 10mm slices along the
length using 2mm thick water lubricated saw.The slices were
dried to a constant mass in an oven at 105∘C. The dried
slices were pulverized and ground to pass through 76 𝜇m
sieve. Between each grinding or pulverization, the grinder
or pulverizer was thoroughly cleaned to avoid cross-sample
contamination. The ground samples were kept in a sealed
plastic bags awaiting chloride analysis.

2.2.6. Chloride Profiling. The chlorides at each depth of cover
were analyzed using Mohr titration procedure in all the
mortars considered. A similar study was conducted by the
same authors [13]. However, in the present case, mortars were
separately cast using water and 0.5M Na2SO4 solution as an
activator.

The diffusion of chloride in mortar was approximated
from the solution to Fick’s second law of diffusion where
chloride ion diffusion into mortar was estimated in one
direction only (𝑥-axis) given as [14]

𝛿𝐶𝛿𝐶𝛿𝑡 = 𝐷𝛿2𝐶𝛿𝑥2 , (2)

where 𝐷 is the chloride diffusion coefficient of mortar, 𝐶 is
the chloride concentration at any time, and 𝑡 is a function
of depth, 𝑥. The estimation of apparent chloride diffusion
coefficients was achieved under nonsteady state conditions
assuming boundary conditions𝐶(𝑥,𝑡) = 0 at 𝑡 = 0, 0 < 𝑥 < ∞,𝐶(𝑥,𝑡) = 𝐶𝑠 at 𝑥 = 0, 0 < 𝑡 < ∞, constant effects of coexisting
ions, linear chloride binding, and one-dimensional diffusion
into semi-infinite solid [2]. Crank’s solution to Fick’s second
law of diffusion is given by [14]

𝐶(𝑥,𝑡) = 𝐶𝑠 [[[1 − erf(
𝑥√4𝐷app𝑡)]]] , (3)

where 𝐶(𝑥,𝑡) is concentration of Cl− at any depth 𝑥 in the
concrete bulk at time 𝑡, 𝐶𝑠 is the surface concentration, and

𝐷app is the apparent diffusion coefficient.The error correction
function, erf, is the Gaussian error function obtained from
computer spreadsheets. The chloride profiles were obtained
by fitting (3) to experimentally determined chloride profile
concentrations, thus determining the values of 𝐷app and 𝐶𝑠
mathematically.

The penetration of chloride ions in mortar is a slow
process [2].Therefore, in order to assess chloride penetration,
a test method that accelerates the process was employed [15].
The movement of chlorides was accelerated through the use
of an electrical field. The movement of ions in a solution
under an electrical field is governed by the Nernst-Planck
equation [15] given by

−𝐽𝑖 = 𝐷𝑖 𝛿𝐶𝑖(𝑥)𝛿𝑥 + 𝑍𝑖𝐹𝑅𝑇 𝐷𝑖𝐶𝑖 + 𝛿𝐸(𝑥)𝛿𝑥 + 𝐶𝑖𝑉𝑖(𝑥), (4)

where 𝐽𝑖 is the flux of the ionic species 𝑖, 𝐷𝑖 is the diffusion
coefficient of the ionic species 𝑖, 𝐶𝑖(𝑥) is the concentration of
ionic species 𝑖 as a function of location 𝑥, 𝑍𝑖 is the valence of
ionic species 𝑖, 𝐹 is Faraday’s constant, 𝑅 is the universal gas
constant, 𝑇 is the temperature, 𝐸(𝑥) is the applied electrical
potential as a function of 𝑥, 𝑉𝑖(𝑥) is the convection velocity
of 𝑖, and 𝛿𝐸(𝑥) is change in applied potential difference with
distance. Since there was no convection (i.e., no pressure
or moisture gradients) the term 𝐶𝑖𝑉𝑖(𝑥) reduces to zero.
Further, it was assumed that pure diffusion term is negligible
compared to the effect of electrical migration, which is
reasonable for a sufficiently strong applied voltage (at least
10–15V) [16], and the term 𝐷𝑖(𝛿𝐶𝑖(𝑥)/𝛿𝑥) reduces to zero.
Equation (4) was thus reduced to

𝐽𝑖 = 𝑍𝑖𝐹𝑅𝑇 𝐷𝑖𝐶𝑖 𝛿𝐸(𝑥)𝛿𝑥 (5)

Equation (6) allows the solution for 𝐷 once the chloride ion
flux is determined assuming that the voltage drop across the
cell is linear, the chloride concentration is constant in the cell
(steady state conditions have been reached), and the heating
of the solution and concrete is negligible [15, 16].

The calculation of 𝐷app (apparent diffusion coefficient)
from chloride profiles is a common practice since this param-
eter depicts the mortar/concrete’s ability to resist chloride
penetration in a natural environment. The most common
present practice to measure the amount of chlorides versus
penetration depth is to use chloride profile after a predeter-
mined time of exposure [2, 14, 17–19].Thefitting of this profile
to the error function equation enabled the calculation of the
diffusion coefficient,𝐷mig.𝐷mig is the diffusion coefficient in
an accelerated laboratory setup; it was therefore necessary to
compare the diffusion of these chlorides in a natural setup.𝐷mig was, therefore, converted to𝐷app using

𝐷app = 𝑅𝑇𝑍𝑖𝐹𝐷mig
ln 𝑡2Δ𝜑 , (6)

where 𝑅 is the universal gas constant, 𝑇 is the temperature in𝐾, 𝑍𝑖 is the charge of the ionic species 𝑖, 𝐹 is the Faraday’s
constant, 𝑡 stands for the time taken for the ionic species to
penetrate in mortar, and Δ𝜑 represents the voltage applied,
normally about 12 ± 1 V [15, 16].
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Figure 1: Compressive strength of mortars versus binder type.

3. Results and Discussion

3.1. Compressive Strength

3.1.1. Compressive Strength Test Results before Exposure to
Chloride Rich Media. The 28-day compressive test results are
given in Figure 1.

It was observed that 0.5M Na2SO4 solution greatly
increased the compressive strength of PCC35 compared to
nonactivated PCC35 on the 28th day of curing. This can
be attributed to sulphate activation. Sulphate activation is
based on the ability of sulphates to react with aluminium
oxide in the glass phase of pozzolana to form ettringite
[20]. Presence of ettringite has been found to contribute to
strength at early ages [21]. More ettringite formation results
in a significant solid volume increase, hence forming a less
porous structure and subsequently leading to higher early
strength [20]. The lower compressive strength exhibited by
nonactivated PCC35 is likely due to presence of large amount
of unactivated and/or undissolved pozzolana in the mortar
matrix. High early compressive strength in 0.5M Na2SO4
solution activated mortars is possibly due to acceleration of
pozzolana reaction and formation of more AFt phase.

According to [20] during sulphate activation, the pH of
pore water in cement matrix is greatly increased by sulphate
through ion exchange as shown in

SO4
2−
(aq) + Ca(OH)2(s) + 2H2O(l)→ CaSO4𝑥2H2O(s) + 2OH− (7)

Presence of increased content of OH− raises the pH ofmortar
matrix.High pHhas been reported to increase the dissolution
of pozzolana materials hence improving pozzolanic reaction
[22, 23]. This subsequently increases the early compressive
strength of cement mortars due to increased formation CSH
that is responsible for strength [24].

3.1.2. Compressive Strength Test Results after Exposure to Chlo-
ride Rich Media. The results for percent gain in compressive
strength after exposure of the mortar in 3.5% NaCl are given
in Figure 2.
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Figure 2: Percentage gain in compressive strength versus binder
types.

All the test cement showed an increase in compressive
strength after exposure to the chloride rich media.This could
be attributed to the ingress of sodium and chloride ions in the
cement matrix. Na+ and Cl− are known to activate or initiate
residual cement hydration or pozzolanic reaction and thus
increase strength of mortar/concrete [25].

Blended cement (PCC35-0.5M Na2SO4, PCC35-H2O,
and PPC-H2O) exhibited higher gain in compressive strength
than OPC-H2O. This could be attributed to the fact that in
blended cements ingressed chlorides activate the pozzolana
reaction resulting in increased compressive strength. The
slight increase in compressive strength observed in OPC-
H2O is possibly due to the ingressed chlorides initiating
hydration reaction of residual OPC-H2O at 28 days of curing.

PCC35-0.5M Na2SO4 exhibited the lower gain in com-
pressive strength compared to PCC35-H2O. This could be
attributed to low chloride ingress in PCC35-0.5M Na2SO4
due its low porosity. PCC35-0.5M Na2SO4 exhibited high
28-day compressive strength leading and low porosity. Low
porosity in PCC35-0.5M Na2SO4 mortars is responsible for
reduced ingress of aggressive chlorides ions. Chloride ions
activate pozzolanic reaction [13]. Reduced ingress in PCC35-
0.5M Na2SO4 therefore could have resulted in low gain
in compressive strength. Another possible explanation for
low gain in compressive strength of PCC35-0.5M Na2SO4
mortars is that the presence of the chemical activator (0.5M
Na2SO4) in PCC35-0.5M Na2SO4 might have accelerated
the pozzolanic reaction to a large extent leading to limited
reactants (pozzolana-alumina and silica) on the 28th day of
curing to be acted upon by the ingressed chlorides. However,
PCC35-H2O exhibited higher porosity hence higher amount
of chlorides penetrated the mortar bulk. The ingressed
chlorides activated the pozzolanic reaction resulting in higher
gain in compressive strength.

3.2. Porosity. The porosity of 28-day cured mortar prisms for
different binders is given in Figure 3.

It was observed that blended cement exhibited lower
porosity thanOPC-H2O.The low porosity in blended cement
mortars can be attributed to the fact that pozzolana materials
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such as calcined clays increase nucleation sites for precipita-
tion of hydration products resulting in pore refinement thus
lowering the porosity [26]. CH produced during hydration
of OPC-H2O consumed in pozzolanic reaction forming
secondary CSH and CAH [27]. However, in OPC-H2O, the
pozzolana reaction does not occur; hence CH produced
during hydration leads to formation of voids in the mortar
matrix thus increasing its porosity [24].

PCC35-0.5MNa2SO4 exhibited lower porosity compared
to PCC35-H2O. This is possibly due to low high early com-
pressive strength in 0.5M Na2SO4 activated mortars. The
addition of 0.5M Na2SO4 solution might have resulted in
accelerated pozzolana reaction and formation of more AFt
phase thus causing the PCC35-0.5M Na2SO4 mortars to be
denser than PCC35-H2O.

3.3. Chloride Ingress. In this study, chloride diffusion coeffi-
cients were used as a measure of chloride ingress in mortar
and they were approximated from the solution to Fick’s
second law of diffusion.

3.3.1. Chloride Diffusivity. Chloride profile analysis entailed
determination of the concentration of the ions (Cl−) at dif-
ferent depths of cement mortar bulk of PCC35-H2O, PCC35-
0.5M Na2SO4 OPC-H2O, and PPC-H2O. Chloride profiles
for the amount of chlorides against depth of penetration for
each category of the cement mortar are presented in Figure 4.

It was observed that the amount of chlorides decreased
with increase in depth of penetration in all cement categories
considered. In addition, the amount of chlorides at the
shallow depths of cover (<20mm) decreases sharply. This is
possibly due to chloride binding capacity of the cement mor-
tars. All cement binds a proportion of the chloride present
[7]. Chlorides can be chemically or physically bound in the
mortar matrix [5]. Chloride binding reduces diffusion rates
of chlorides into the bulk of the cement mortars involved.
Chloride binding at the surface of mortar can be attributed to
increased CSH content [1]. The increased CSH bound Na+ in
NaCl solution and hence retarded the ingress of the chlorides.

Blended cement exhibited lower chloride ingress com-
pared to OPC-H2O. Blended cements exhibit low porosity
as a result of increased amount of CSH and CAH gels due
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Figure 4: Concentration of chloride ions (g/g of cement) mortar
versus depth (mm).

Table 2: 𝐷app and 𝑟2-values for different cement mortars at 𝑤/𝑐 =0.55.
Binder type 𝐷app (m

2/s) × 10−12 𝑟2-values
PCC35-H2O 6.914 0.964
PCC35-0.5M Na2SO4 5.948 0.969
PPC-H2O 6.932 0.969
OPC-H2O 18.069 0.942

to pozzolana reaction [28]. Low porosity greatly reduces the
ingress chlorides in mortars [29]. As observed, OPC-H2O
had high porosity due to large amount of CH produced
during hydration. It is therefore apparent that the high
porosity in OPC-H2O provided the pathway for the ingress
of chlorides in mortar. Moreover, blended cements have
higher binding capacity as a result of incorporated pozzolana
materials and increased hydration products [18, 19]. Hydrated
blended cement has been reported to contain higher content
of CSH content than hydrated OPC-H2O [30]. This could
have further offered more chloride binding sites resulting in
increased immobilization of chloride ions into the blended
cement mortars.

PCC35-0.5M Na2SO4 exhibited the lower chloride
ingress compared to PCC35-H2O. This can be attributed to
higher compressive strength in PCC35-0.5M Na2SO4 mor-
tars as a result of accelerated pozzolana reaction and forma-
tion of more AFt phase. High compressive strength results
in reduced spaces in mortar matrix hence greatly reducing
the penetration of chloride ions [31]. PCC35-0.5M Na2SO4
also exhibited lower porosity compared to PCC35-H2O. Low
porosity has been reported to greatly reduce the ingress of
aggressive ions chloride ions included.

3.3.2. Apparent Chloride Diffusion Coefficients (𝐷app). The
error fitting curve for determination of 𝐷app for the test
cement (PCC35-H2O, PCC35-0.5M Na2SO4, PPC-H2O, and
OPC-H2O) mortars is presented in Figures 5–8.𝐷app and 𝑟2-values for different cement mortars obtained
from the error fitting curves are presented in Table 2.

OPC-H2Oexhibited higher apparent diffusion coefficient
(𝐷app) values than blended cements. This could be attributed
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Figure 5: Error function fitting curve for OPC-H2O.
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Figure 6: Error function fitting curve for PPC-H2O.

to high porosity in OPC-H2O mortars. The connectivity of
the pore system depends on the degree to which it has been
filled with hydration products [19]. Therefore low diffusion
coefficients in blended cements are expected due to the fact
that blended cements has more cementitious materials in
the mortar matrix [6]. Low 𝐷app values in blended cements
compared toOPC-H2Ocould be due higher chloride binding
capacity in blended cements than in OPC-H2O mortars.
Blended cement has been found to bind more chlorides
than OPC-H2O [32]. High chloride binding ability effectively
removes a large proportion of chloride ions in the pore
structure of a cementmortar.This possibly led to low chloride
ingress in the cement mortar characterized by low 𝐷app as
observed in this study.

PCC35-0.5M Na2SO4 exhibited the lower apparent dif-
fusion coefficient (𝐷app) values compared to PCC35-H2O.
This can be attributed to lower chloride ingress in PCC35-
0.5M Na2SO4 mortars due to low porosity of the mortar
specimens. Low porosity provides high resistance chloride
ingressmortars.This can also lead to lower apparent diffusion
coefficient (𝐷app) values in PCC35-0.5M Na2SO4 mortars.
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Figure 7: Error function fitting curve for PCC35-H2O.
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Figure 8: Error function fitting curve for PCC35-0.5M Na2SO4.

4. Conclusion

Based on the study, it can be concluded that chemically
activated mortars (PCC35-0.5M Na2SO4) exhibited higher
compressive strength compared to nonactivated PCC35 on
the 28th day of curing. However, chemically activated PCC35
had the least gain in compressive strength when exposed
to chloride rich media, lower porosity, and lower chloride
ingress in terms of𝐷app, compared to OPC, PPC, and nonac-
tivated PCC35.
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