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ARTICLE INFO ABSTRACT

Keywords: The objective of this study is to analyse the mechanical and durability properties of a high-
Limestone calcined clay cement performance mortars based on low grade kaolin clay and the effect of electrical conductivity
MIP

and pore microstructure on the chloride penetration resistance. A total of six mixes were prepared
with binary and ternary binders in which a high volume of cement was replaced by low-grade
calcined kaolin clay, fly ash and limestone powder. The percentage of kaolinite in the clay
used from the Southeast European region was less than 20%. The variations in compressive
strength and chloride transport coefficient were analysed experimentally and related to the pore
structure and electrical conductivity. Compressive strength, chloride migration and diffusion
coefficients, and bulk conductivity were determined using mortar samples, while the pore size
distribution was determined by mercury intrusion porosimetry (MIP) on hardened cement paste
after 7,28, and 90 days of curing. To understand the capillary absorption of these mixtures,
sorptivity indices were measured after 28 and 90 days. The experimental characteristics of the
pore size distribution, such as mean pore entry radius (r ¢5), permeable porosity (P), capillary
porosity (¢), and critical pore diameter (r.), were calculated using the cumulative data of the
intruded volume as a function of pressure obtained by MIP. In addition, the extrusion-intrusion
curve was used to calculate the pore entrapment fraction (@) and the degree of inter-
connectivity of the pore structure. The evolution of pore structure parameters was monitored
for up to 90 days and their effects on strength and chloride penetration were studied in detail. The
results showed that all mixes (even those with low kaolinite content) can be used in high per-
formance cement systems and the pore structure has a limited effect on chloride penetration.

Surface resistivity

Sorptivity indices

Chloride migration coefficient
Chloride diffusion coefficient

1. Introduction

In recent decades, cement industry researchers have concentrated on developing suitable cement additives (SCMs) to mitigate CO;
emissions associated with cement manufacture. The industry’s aim is to manufacture blended cements with the lowest possible CO4
emissions without sacrificing critical concrete characteristics like as strength and durability. Recent studies have demonstrated that the
cement industry cannot continue to rely on conventional SCMs such as siliceous fly ash and blast furnace slag in the long run due to
their source depletion [1]. Therefore, there is a need for alternatives that meet both quantitative and qualitative requirements for
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construction materials. Calcined clays, especially in combination with limestone, could be a promising alternative combination to
reduce the environmental footprint of cement [2]. Due to better synergetic action between clays, limestone and clinker, the higher
level of replacement can be achieved in the so-called LC3 systems (limestone-calcined clay cement) [3]. The primary raw material for
LC3 production, in addition to clinker, is clay, which is abundantly available all over the world. The presence of kaolinite in clays has
been found all over the world, but the amount of kaolinite present varies from one region to another, and this is a critical factor in their
overall performance. Clays containing a significant proportion of kaolinite have been shown to be highly pozzolanic when calcined
between 700°C and 850°C [4]. The hydration kinetics of limestone-calcined clay cement were indeed significantly influenced by the
kaolinite content, which affects the mechanical and chloride transport properties of the concrete [5,6]. However, high grade kaolin
clays are not easily available everywhere or they have a more favorable application. One of the possibilities to consider is using low
grade kaolin clays, more easily available in sufficient quantities for cement industry. Notwithstanding, recent developments in
LC3-based concrete have shown that an intermediate level of kaolin clay may be an appealing option, particularly given its widespread
availability [7,8].

According to previous research, concrete containing SCMs has a higher resistance to chloride penetration, which is primarily due to
the improved pore structure[8,9]. Halamickova et al., reported that the chloride diffusion coefficient varies linearly with critical pore
entry radius as determined by the Mercury Intrusion Porosimetry (MIP) technique [10]. Although the MIP approach has several
drawbacks, it is still a useful tool. One of the major drawbacks of commercial porosimeters is that mercury does not penetrate the very
fine pores, which range in size from 1 nanometer to 3 nanometers [11]. In addition, the "ink-bottle" impact and the gel’s segmentation
of capillary pores can result in an overestimation of fine pores and an underestimation of larger capillary pores [11,12]. Nevertheless,
the porosity obtained by MIP is a permeable porosity that covers most of the interconnected pores that have a direct impact on the
durability of concrete [13]. The intrusion-extrusion cycle in MIP can also indicate the presence of entrapped pores, which is expressed
as a network of discontinuous pores [14], which is expressed as network of discontinued pores. Understanding the porosity and pore
size distribution of cement-based materials with various SCMs can be used to endorse chloride penetration. However, Shiyu et al. found
that the electroneutrality of the pore solution and the surface properties of the hydration product influence the chloride transport in
ternary blended cementitious systems more than their pore structure [15]. Additionally, electrical resistivity had an impact on chloride
transport in cementitious systems, particularly when it came to the movement of chloride by electrical potential [16-20]. The
approach fully excludes the impacts of other negatively charged species in the pore solution, making it the most disadvantageous of the
electrically accelerated processes[21].

The primary goal of this study is to determine the endurance of a cementitious system composed primarily of low-grade kaolin clay
in harsh coastal conditions. A low-grade kaolin clay (containing 20% kaolinite) and limestone were combined to produce a mortar with
a high cement substitution level. The chloride penetration resistance and compressive strength of this mortar were compared to those
of mortars with a similar degree of cement substitution by fly ash and limestone, as well as to those of reference mortars based on pure
clinker cement (CEM I) and blended cement with slag (CEM III/B). Furthermore, this study attempted to demonstrate how pore
structure parameters affect compressive strength and chloride penetration. Also, the influence of conductivity on chloride penetration
and movement in blended mixes is discussed. The mechanical properties and durability of each mix were found to be related to the
pore structure, while the chloride transport coefficients were found to be related to the bulk conductivity and surface resistivity. The
findings of this study contribute to a better understanding of the effect of pore structure on chloride transport, particularly in low-grade
limestone-calcined clay cements.

2. Materials and methods
2.1. Binder composition
Six mixes were prepared for this study, where Portland cement (CEM I 42,5 R) was used as the primary binder. Binary binder

systems were prepared with 70% CEM I and 30% SCM, with mixes labeled FA30 (mix with 30% fly ash) and CC30 (mix with 30%
calcined clay). Ternary binder systems were prepared with 70% CEM I, 30% SCM and 15% limestone, with mixes labeled FA30LS15

Table 1

Chemical composition and particle size distribution of materials used in the study.
Component CEM I CEM III Fly ash (FA) Calcined clay (CC) Limestone (LS)
CaO 63.19 31.28 11.52 1.74 71.59
SiOy 19.51 38.83 53.28 49.80 20.21
Al,03 4.21 10.34 19.11 17.04 4.32
Fe;03 2.85 1.32 9.05 5.80 1.43
MgO 0.85 9.73 2.78 1.42 1.69
NayO 0.20 0.87 0.26 0.84 0
K>0 0.48 1.82 1.51 2.00 0.15
TiOy 0.12 0.31 0.52 0.75 0.52
P,0s 0.45 1.55 0.36 0.29 0.42
SO3 2.3 0.01 1.48 0.06 1.48
Dig, pm 0.32 0.45 1.55 4.03 3.43
Dso, pm 9.95 12.71 15.24 10.72 18
Dgg, pm 50 58.85 72.68 24.79 63.82
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(mix with 30% fly ash and 15% limestone) and CC30LS15 (mix with 30% calcined clay and 15% limestone). Additional to these mixes,
CEM III/B (36-65% replaced with slag) was also used to compare the properties of blended binder systems with commercially
available binders. Tables 1 and 2 show the chemical composition of each constituent and mineralogical components of SCMs
respectively. More information about these materials, such as reactivity obtained using isothermal calorimetry and bound water test
can be found in previous paper [22]. Fig. 1 illustrates Scanning Electron Microscopy (SEM) images of fly ash and clay to understand the
surface morphology of the materials and Fig. 2 shows the particle size distribution of used materials. The kaolinite content of calcined
clay was 17% by thermogravimetric analysis [23]. All SCMs were previously dried at 60 °C for 24 h and ground in disc mill for 30 s. In
the case of calcined clay, the dried ground raw clay was calcined in a furnace at 800 + 20 °C for one hour and preparation of clay
followed by the protocol [24]. All mortar mixtures were prepared using crushed sand (0-4 mm) and water-binder ratio of 0.5.

The mortar mix was prepared and fresh state properties (flow, temperature, density and air content) tested in accordance with EN
196-1 [25]. The mortar specimens were cast in a prismatic mould (40 x 40 x 160 mm) for tensile and compressive strength testing,
and a cylindrical specimen with a diameter of 100 mm and a height of 200 mm was prepared for chloride migration and diffusion test.
Cylindrical specimen with a diameter of 70 mm and height of 100 mm were prepared for sorptivity indices and water-filled porosity
test. After 2, 7, 28, and 90 days of curing, compressive strength tests were performed, and chloride tests were performed after 7, 28, and
90 days of curing. Sorptivity test was performed after 28 and 90 days of curing. All specimens were kept in a moisture-controlled room
for curing until the specified time of testing. Three specimens were taken for compressive strength, chloride transport coefficients, bulk
conductivity, surface resistivity, and sorptivity and pore structure determined on mortar samples.

2.2. Chloride transport coefficients

The resistance to chloride penetration was evaluated by both migration and diffusion experiments according to standards NT
BUILD 492 [26] and NT BUILD 443 [27], respectively. In both tests, the cylindrical specimens were cut into three specimens with
thickness of 50 mm. All the specimens were preconditioned by saturated Ca (OH); solution in vacuum for 24 h. Following the pro-
cedure described in standard NT BUILD 492, the non-steady state migration coefficients were calculated based on measured chloride
penetration depth under forced movement (by external potential) of chloride ions across the mortar specimen. In this method, a quick
qualitative assessment regarding chloride ingress resistance can be obtained. In migration test, after exposure to prescribed external
potential, specimens were cut diametrically after the test duration and sprayed with the silver nitrate solution to measure the depth of
penetrated chlorides. The equation used to calculate the non-steady state chloride migration (Dyssm) coefficient is given below:

RT x4 — av/xg

Dyyysm = . 1
- ZFE t m

where x4 is the average measured depth of chloride penetration after the test duration, while other parameters were taken from the NT
BUILD 492.

In the diffusion test, the specimens were coated with epoxy resin on all sides except the bottom one for chloride exposure. After
coating, the specimens were left another 24 h for epoxy to fully dry, and then fully immersed in 16.5% NaCl solution for 35 days. After
35 days, the profile grinding (depths were taken according to NT BUILD 443) was performed to obtain powder for chemical analysis.
The total chloride content in the powder was determined using potentiometric titration method described in standard EN 14629-2007
[28]. Thereafter, the effective chloride diffusion coefficients (Dg) were determined by fitting the total chloride contents in second
Fick’s law according to NT BUILD 443:

C (i) =C,—(C,—C)erf (x\\/4DEt> @)
where C(x,t) is the measure chloride content at depth (x) and exposure time (t). The values of apparent chloride diffusion coefficients

could be extracted after fitting the measured chloride contents. Additionally, the relation between non-steady state chloride migration
coefficient and effective diffusion coefficients were determined.

Table 2

Mineralogical data of clay and fly ash used in this study.
Component Fly ash (FA) Calcined clay (CC)
Quartz 5.4 21.7
Muscovite - 27.3
Mullite 2.2 -
Vermiculite - 2.4
Illite - 1.3
Hematite 0.3 -
Amorphous content 89.3 14.3
Loss of Ignition (%) 8.22 7.60
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SEMHV:5.00KV  WD: 32.22 mm L ) SEMHV: 500KV 216 mm
SEM MAG: 500 x Del: SE 100 pm SEM MAG: 500 x Del: SE 100 pm

Fig. 1. SEM images of fly ash (left) and calcined clay (right).
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Fig. 2. Particle-size distribution of various materials used in the study.

2.3. Bulk conductivity and surface resistivity

The initial current values from chloride migration experiment were used to calculate the bulk conductivity of the specimen ac-
cording to ASTM C 1760 [29] according to the following Equation:

I, L
Conductivity, o¢=12732 L= 3
onauc zvzty (2 % DZ ( )
where ‘I’; is measured as initial current by imposing voltage of ‘V” to the specimen and other parameters were taken from the standard.
The bulk resistivity of the pore solution was calculated as the reciprocal of the conductivity obtained from Eq. (3).

The surface resistivity of each mixture was determined by Wenner 4-probe resistivity meter on the sides of cylindrical specimens,
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which was used to determine the chloride transport coefficients [30]. The measurements were taken in saturated condition at four
different locations of each specimen. A total of 12 readings were taken and the average reported as surface resistivity.

2.4. Sorptivity and water-filled porosity

The sorptivity and water-permeable porosity of each sample was determined based on South African Durability Index Manual [31].
After the curing, the specimen was dried at 50°C for 7 days and then stored for 4 h in a desiccator. Specimens were placed on the tray,
which contains saturated Ca (OH); solution. Specimens were supported by wooden rollers and the level of solution was limited to
2 mm from the surface. The weight of specimen was noted down after 3, 5, 9, 12, 16, 20, and 25 min. After the weight estimation, the
samples were conditioned in saturated calcium hydroxide solution for one day. The calculation of sorptivity index was performed using
Eq. (4).

F xd

§=—— "2
M.\v - MS’()

(C)]

where ‘F’ is the slope of the best fit line between mass gain and square root of time, average thickness ‘d’, Mg, and Mg are the vacuum
weight and initial weight of samples. The water-permeable porosity (P) can be calculated using Eq. (5).
Mx\' - M:O

p=—"" "2
A xdx p, ®

2.5. Pore structure parameters using mercury intrusion porosimeter (MIP)

Mercury intrusion porosimetry (MIP) with up to 400 MPa was used to measure the pore structure parameters for each mix. The pore
entry radiuses were calculated by combining the results from Pascal 140 and Pascal 440 instruments, assuming a contact angle of
mercury as 140°. For MIP, cement paste specimen with the same mixture composition was prepared and cured in humidity chamber for
the desired curing periods. After curing, the hydration was stopped using solvent exchange method with isopropanol immersion for 7
days. Subsequently, the samples were dried under vacuum for 48 h. During the MIP test, the pressures were transferred to the pore
entry diameter using Washburn equation[32]. The hardened properties of cement based systems mostly depend on the volume of
capillary pores, i.e. pores in the range of diameter between 10 nm and 10 um [33]. The critical pore entry radius (r.) represents the
grouping of the largest fraction of interconnected pores in cementitious system. Critical pore entry radius is corresponding to the peak
in the differential pore volume curve indicating the pore size corresponding to the maximum volume intrusion. After the test, total
cumulative and differential curves were obtained for each sample. Capillary pore volume (¢) of a mixture was evaluated as the total
pore volume in the range of 10-10000 nm pore diameter [35]. The critical pore entry radius (r.) was determined as the diameter at the
maximum value of differential pore volume in distribution curve. Mean pore entry radius (ry s) was evaluated based on the following
equation [33],

n
S nvr;
Inrgs = S=—— 6
05 Vi (6)
where, for the continuous intrusion curve divided into n discrete radii ranges, v; is the incremental intrusion of mercury corresponding
to i" radius range represented by the mean radius r;, Pore entrapment can be determined from the intrusion-extrusion curves of MIP.
The pore entrapment fraction a is defined as ratio of the pore entrapment volume and the total intrusion volume, Eq. (6).

Pore entrapement volume

7)

" Total intusion pore volume

Pore entrapment fraction explains the complexity of pore structure. Larger pore entrapment indicates the higher complexity in pore
structure, and pore distribution with high unevenness [34].

Table 3
Fresh properties of the mixes used in this study.
Mix Flow diameter, mm Temperature,’C Density, kg/m> Air content, %
CEM I 169.5 17.4 2353.7 2.6
CEM III 175 17.3 2320 2
FA30 156 19.6 2270 2.7
CC30 165 19.5 2325 2.4
FA30LS15 162.5 18.8 2272 2.4
CC30LS15 150 20.7 2320 21
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3. Results
3.1. Evolution of mortar compressive strength

All mixtures were made with a water-to-binder ratio of 0.5. Table 3 shows the fresh properties of all mixtures. In their fresh state,
mixes have similar consistency, density, and air content. The mixture with limestone-calcined clay has a smaller flow diameter, which
is in accordance with the previous studies [35]. In general, fly ash improves cementitious system flow, but in this case, the flow was
reduced. Fly ash used in this study has a lower percentage of spherical particles, as can be seen in the SEM images (Fig. 1). Furthermore,
the fly ash has a higher loss value of loss of ignition (8.22%). Fly ash used came directly for the industry, material was not pretreated or
selected and it consists of a high amount of unburned carbon. The unburned carbon potentially consumed more water from the system
and caused the low flowability in this system [36].

After 2, 7, 28, and 90 days of curing, the compressive strength of the mortar mix was evaluated, and the results are shown in Fig. 3.
The initial strength of ternary mixes was lower than CEM I mix, which was expected due to the slow reactivity and dilution effect of
limestone powder. In the case of calcined clay, lower initial strength was also anticipated since used clay has a relatively low amount of
kaolinite, which directly influences the strength development [5]. After 7 days both fly ash and calcined clay mixes improved their
strength. The highest increase for CC30 mix was achieved between 7 and 28 days, while FA30 mix gained comparable strength after
prolonged (after 90 days) curing.

The pattern of strength gain in the ternary binder system was comparable to that of the binary system, although the final obtained
strength was lower. When compared to fly ash mixtures, calcined clay mixes with and without limestone had higher strength after 28
days, but the tendency reversed with longer curing. Finally, even though FA30LS15 and CC30LS15 contain just 55% cement, they
reached a compressive strength of 65-70% of that of CEM I mortar after 90 days of curing. Despite the lower clinker percentage, the
synergistic effect of limestone and alumina in SCMs is clearly responsible for the comparable performance of ternary mixes [37,38].
CEM III mix showed the lowest strength at all curing ages compared to CEM I and binary mixes, but a comparable compressive strength
at all ages of curing to that of ternary mixes. Unlike most fly ash systems, the present one had the same strength as CEM I after 7 days.
This was clearly due to the higher lime content of fly ash used [39].

3.2. Evolution of chloride transport coefficients

Chloride diffusion and migration coefficients were determined for better understanding of the chloride transport. The non-steady
state chloride migration coefficients of each mix evaluated after 7, 28, and 90 days of curing are presented in Fig. 4. Compared to the
CEM I specimen, the addition of fly ash and calcined clay reduced the chloride migration coefficient by 25-30% after 28 days and
approximately 30-35% after 90 days in binary binder systems. After 7 days of curing days, ternary blends showed very high values of
migration coefficient, which is correlated to their high electrical conductivity at early ages [40]. However, after 28- and 90-days
chloride migration coefficients were significantly lowered for CC30LS15 (lowered 56% after 28 days and 83% after 90 days) and
FA30LS15 (lowered 54% after 28 days and 80% lowered after 90 days) mixes. Thus, the chloride penetration resistance significantly
improved ternary mixes after 90 days, even with very low kaolin clay. CEM III specimen exhibited the highest chloride penetration
resistance among all the mixes despite of lower compressive strength.

The effective chloride diffusion coefficients were also determined based on chloride profile, and the results are shown in Figs. 5 and
6. The chloride content of eight layers (0.5 mm from the exposure surface to 22.5 mm) were measured after the mortar specimen
thoroughly immersed in sodium chloride solution for 35 days. A total chloride content of each layer was determined to evaluate the
chloride diffusion coefficient at different curing ages.

Chloride migration coefficients are much higher than diffusion coefficients at all ages. The higher values of migration might be due
to the electrical gradient caused by ions, the interaction between ions and cementitious phases, the dissolution of the cementitious

Compressive strength, MPa

CEMI CEM III FA30 CC30 FA30LS15 CC30LS15

Fig. 3. Evolution compressive strength of all mixes.
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Fig. 4. Evolution of non-steady state chloride migration coefficient of all mixes after 7, 28 and 90 days of curing.
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Fig. 5. Chloride profile of different mixes after 7 days (a), 28 days (b), and 90 days (c) in 16.5% NaCl solution.

matrix, chemical deposition on pore walls and combined effect of all these factors [41].

The CEM I mix showed higher rates of chloride ingress compared to all composite mixes at 28 days. This can be attributed to lower
porosity and higher ionic resistance of binary and ternary blended mixes [42]. Among the ternary and binary systems, the lowest
chloride diffusion coefficient was observed for fly ash mix after prolonged curing. In overall, CEM III specimen showed lowest chloride
diffusion coefficient similar to chloride migration.
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3.3. Electrical conductivity and surface resistivity

Fig. 7 shows the conductivity variation of each binder systems at different ages. The trend is clearly attributed to the chloride
migration property of each mix. All of the binder systems had high conductivity at 7 days and then decreased as the curing time
increased. After 90 days, CEM III has a significant reduction in conductivity (nearly 85%), which is supported by the results of chloride
migration.

Fig. 8 depicts the surface resistivity of each mixture measured using Wenner probe. CEM III showed the highest surface resistivity
among all mixtures and all blended mixes showed better resistance than CEM I. The surface resistivity reached similar range of values
(30-35 k.ohm.cm) for all blended mixtures at 90 days.

3.4. Sorptivity

The absorption rate, which is attributed to the sorptivity index, is commonly used to evaluate the capillary absorption of
cementitious systems. The concrete can be classified based on its soprtivity values according to the limiting values proposed by
Alexander et al. [43].

Fig. 9 illustrates the sorptivity indices of all the mixtures. After 28 days of curing, the mixtures with calcined clay showed better
soprtivity index than other mixes, whereas the ternary blended showed the least absorption tendency after prolonged curing. The
addition of fly ash and calcined clay improved the absorption resistance of moisture, especially with combination of limestone powder.

3.5. Evolution of pore structure

Fig. 10 shows the pore size distribution of each specimen after 7, 28, and 90 days of curing, respectively. Table 4 presents calculated
pore structure parameters, such as total permeable porosity, mean pore radius (rgs), and critical pore radius for each mix.

The differential intrusion curves illustrate that critical pore size changed with curing time, and that the total pore size range was
steadily reduced with prolonged curing. While considering the differential intrusion curve, binary and ternary mixes showed better
refinement of pore structure parameters compared to CEM L. The differential curves are getting more narrowed in calcined mixes and
thus a finer critical radius was measured compared to other mixes. The capillary pore volume, mean pore entry radius, critical pore
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Fig. 7. Evolution of electrical conductivity of all mixes after 7, 28 and 90 days of curing.
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entry radius, and pore entrapment fraction were determined from MIP curves and all the data are given in Table 3. It can be observed
that the parameters describing pores were significantly reduced from 7 days to 90 days of curing for all mixes. On the other side,
parameters which can be used to describe the absence of inter-connectivity of pores (pore entrapment fraction) increased with pro-
longed curing.

4. Discussion

In the first part of the discussion, different durability parameters are compared to understand, eliminate, or highlight their impact
on chloride diffusion. Among correlations which are analysed are correlation between chloride migration and diffusion coefficients,
and the impact of electrical resistivity and sorptivity on these coefficients. In the second part of the discussion, parameters of pore
structure are correlated to mechanical and durability properties of tested mortars, to analyse whether the differences in properties of
blended systems can be explained by the pore structure.

4.1. Relation between different durability properties

4.1.1. Relation between chloride migration and diffusion

The migration coefficients were much higher than the diffusion coefficients across all tested ages and for all mixes, with similar
trend reported in previous studies [44]. Fig. 11 shows the correlation between chloride migration and chloride diffusion for all tested
mixes, with a coefficient of determination R? = 0.94.

Dyygm = 1.86 X Dg

The migration coefficients and diffusion coefficients for tested mixes are strongly correlated, but with chloride migration values
being 1.86 times higher than the values of chloride diffusion. This is especially evident in early ages of blended mortars, where the
values of chloride migration coefficients are significantly higher than those of chloride diffusion. The higher values of migration
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coefficients than diffusion coefficients could be explained by the single species theory assumption in the calculation, which is not
taking into the account the effect of other charged ions in the pore solution on chloride penetration [21]. Therefore, despite the obvious
advantage of the rapid method for testing chloride migration, the migration coefficients obtained will be an over-estimation of chloride
ingress compared to the coefficients obtained by diffusion test. These types of correlation were developed in various studies, and are
especially useful to determine the diffusion coefficients and the service life [45]. For instance, the relation between design values of the
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Table 4
Pore structure parameters from MIP analysis.

Mix Age, Permeable Median pore entry radius (r ~ Critical pore entry radius  Capillary pore Pore entrapment fraction

days porosity, 0.5) (ro) volume, (o)
% nm nm %

CEM I 7 325 23.42 23.22 27.8 0.46
28 25.14 15.93 19.35 20.93 0.54
90 18.03 15.73 16.535 15.34 0.62

CEM III 7 26.96 10.71 13.37 23.40 0.41
28 23.59 11.26 12.68 21.12 0.43
90 20.1 8.48 8.99 18.13 0.68

FA30 7 35.01 19.93 32.54 29.43 0.53
28 30.49 12.98 19.62 25.01 0.57
90 15.17 10.63 9.42 12.55 0.74

CC30 7 33.65 18.56 31.19 27.58 0.49
28 321 13.50 2291 26.34 0.53
90 15.8 14.30 13.73 12.42 0.73

FA30LS15 7 39.04 25.41 39.85 33.98 0.50
28 36.31 16.30 27.78 30.66 0.55
90 17.56 17.05 14.48 15.13 0.78

CC30LS15 7 40.48 24.65 27.23 34.46 0.46
28 36.9 16.13 20.8 31.16 0.51
90 25.99 13.97 15.42 17.69 0.75

50 T T T T

0 T T T T
0 10 20 30 40 50

Dy x 102 m%s

Fig. 11. Relation between chloride migration and diffusion.

chloride diffusion coefficient and the laboratory-measured values were used to evaluate the durability performance during the con-
struction of Hong Kong-Zhuhai-Macau sea link project [46].

4.1.2. Relation between bulk conductivity / surface resistivity and chloride transport properties

The chloride migration process in cementitious system is mainly influenced by the potential drop across the specimen, meaning that
the electrical conductivity and resistivity of mortar play a significant role. Fig. 12 shows the correlation of chloride transport co-
efficients with corresponding bulk conductivity and surface resistivity, taking into account values at 28 and 90 days of curing.

From the Figure it can be observed that the chloride migration coefficients are strongly influenced by the bulk conductivity and
surface electrical resistivity of the mortar [47,48], which is less of a case with chloride diffusion coefficients. In a cementitious system,
the electrical conductivity is mainly determined by the pore solution chemistry. The ion precipitation in the pore solution strongly
varies with binder composition [49], and it is very difficult to decouple the effects of pore structure and resistivity of a cementitious
system on chloride penetration [21].

4.1.3. Relation between sorptivity and chloride transport properties

Capillary absorption plays a significant role in the diffusion process, since one of the mechanisms of chloride transport is the
convection. Because SCMs are present in binary and ternary mixtures, their sorptivity indices are lower. The addition of SCMs to the
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Fig. 12. Linear regression analysis of bulk conductivity and surface resistivity against chloride migration and diffusion coefficients.

system provided an additional pozzolanic and filler effect, resulting in a significant reduction in chloride absorption [50]. Further-
more, mortar with high sorptivity index would allow more chlorides to penetrate, especially in the surface layer of specimen. Fig. 13
shows the correlation between sorptivity indices and surface chloride content obtained after exposure of specimens according to NT
BUILD 443 tests.

The correlation clearly shows that mortars with the higher sorptivity have a higher chloride intake from solution. Due to the
capillary suction, concrete can immediately absorb the solution (containing chloride ions) from the environment, increasing the
surface chloride concentration and therefore increasing chloride penetration [51]. However, chloride contents from other depths were
not found to be correlated to the sorptivity index in the binary/ternary systems, rather to the physical and chemical characteristics of
the binder.

4.2. Implication of pore structure on mortar properties

4.2.1. Compressive strength and pore structure

In general, increasing porosity reduces strength of cementitious materials, but the magnitude of this effect is dependent on pore
size, shape, and distribution [52-55]. It was previously established that the strength of cement-based materials is directly proportional
(1-permeable porosity(P)) and inversely proportional to square-root of median pore entry radius (rgs) [13,33,56]. Therefore, the
relation can be written as:

(1-p
V0.5 (8)

where K is the constant of proportionality and C is the cement content of the mix as fraction. The values of P and ry 5 were determined
using MIP curve and are given in Table 4. To determine the constant of proportionality, K, the experimental results of compressive
strength were plotted against the corresponding C(1-P)/sqrt (ros). Fig. 14 presents the relationship and the K value obtained was
260.15, with a coefficient of determination R = 0.98.

c=KC

4.2.2. Effect of permeable porosity and capillary porosity on chloride transport

There are several studies indicating a significant influence of the pore structure on the chloride transport mechanisms [57-59].
Among different types of pores, the penetration of chlorides is mainly attributed to the capillary pore size range [60]. The results of the
total porosity accessible to mercury, i.e., permeable pore volume, indicate that the pore volume is decreased significantly after 90 days
of curing. In blended system, the values of permeable porosity were higher than in CEM I at the early age because of the lower clinker
amount, and consequently slower hydration reaction. CEM III samples also showed higher permeable porosity than CEM I but less than
those observed for blended systems. The results show that after 90 days the porosity values decreased for fly ash and calcined clay mix,
indicating that they start to alter the microstructure once the pozzolanic reaction occurs [6,60]. Fig. 15 shows the correlation between
total permeable porosity and capillary pore volume with chloride migration and chloride diffusion coefficients.

The effective capillary pore volume is statistically more significantly correlated to transport phenomena in the tested systems, than
the total permeable porosity. Furthermore, better correlation between pore parameters and transport parameters is obtained for
diffusion than for migration coefficients. The volume of capillary pores decreases from 7 to 90 days due to the progress in hydration in
all the mixtures. As expected, the 7-day value of capillary pore volume is very high, which is also reflected in the higher values of
chloride transport coefficients. In the beginning of the hydration, the capillary pores are fully percolated and larger than C-S-H gel
pores. Therefore, these capillary pores accelerate the chloride movement, thus higher values of chloride transport coefficients are
obtained [61]. In the fly ash mix, the capillary pore volume has decreased around 60% from 7 days to 90 days and in the same period
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the chloride migration and diffusion coefficients decreased by around 70-73%. However, the capillary pore volumes of fly ash mix at
both 7 and 28 days were higher than CEM I mix, while the chloride transport properties at 90 days were lower. The same trend was also
observed for calcined clay mixture. In the case of CC30, capillary pores do not change significantly from 7 to 28 days, but after 28 days
the pore volume was reduced for around 42%. When water-filled pores, obtained from sorptivity test, and capillary pores obtained
from MIP, were compared (diagram not shown here), it was evident that the pore refinement due to the addition of SCMs mainly occurs
in the capillary pore region, especially in the case of ternary blends [50]. Researchers have reported that in the early stage the calcined
clay perform better than other SCMs, but in this study the lower content of kaolinite was responsible for lower clay reactivity [5].
However, the pore structure of calcined clay mix was continuously refined until 90 days, leading to the enhancement in the resistance
to chlorides compared to CEM L. In CEM I1I, the values of the transport coefficients were the lowest, which was however not reflected in
their porosity. More recent research [6] has shown that the low amount of kaolinite in clay mixtures influenced the capillary pore
refinement, leading to less refinement than would be seen in a pure clay.

4.2.3. Effect of inter-connectivity of capillary pores on chloride transport

Inter connectivity of capillary pores plays significant role in chloride transport in cementitious system [62]. In SCM based binders,
due to the pozzolanic reactions, the consumption of portlandite and formation of secondary C-S-H, inter-connectivity of pores is
decreased with time which leads to a decrease in the chloride penetration [63]. There are different ways to show the degree of
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Fig. 15. Linear regression analysis of total permeable pore volume and capillary pore volume against chloride migration and diffusion coefficients.

inter-connectivity of the pore structure and the major parameters which can be drawn from MIP are critical pore radius and pore
entrapment fraction. The values of critical pore entry radius and pore entrapment fraction are plotted against chloride migration and
diffusion coefficients and illustrated in Fig. 16. Critical pore entry radius in MIP results implies the largest fraction of interconnected
pores in a cementitious system. All the values of critical pore entry radius are reported in Table 4 and values were decreasing with
prolonged curing. Similar to capillary pore volume, all the mixes showed high critical pore radius at 7 days, and then progressively
lower values with hydration time. After 90 days, the lowest radius found was for fly ash mix FA30 and the highest for CEM I. Another
parameter describing inter-connectivity is pore entrapment fraction. As seen in Table 4, the pore entrapment fraction increased with
hydration progress. After 90 days of curing, both binary and ternary mixes showed better structure discontinuity in their pore
structure, and that reflected their transport properties. Compared to pore entrapment fraction, critical pore entry radius would be
better explanation of chloride transport in ternary mixes. In any case, ternary mix with fly ash and limestone exhibited the highest
value of tortuosity and CEM I the lowest.

The evolution of migration and diffusion coefficient are increasing with critical entry radius. Yang C and Halamickova reported that
the migration coefficients are directly proportional to the critical entry radius [10,57]. In this study, all samples showed a general
tendency that higher critical pore radius produces higher chloride penetration. In general, the pozzolanic reaction from fly ash and
calcined clay can offset the dilution effect by filling the interim space between with C-A-S-H, continuing to progressively contribute
and accelerate pore diameter reduction [64]. It is therefore that the values of critical pore entry radius were found to be lower in fly ash
and clay mixes, compared to CEM I after 90 days. Pore entrapment fraction and chloride transport coefficients were also subjected to
regression analysis, with the correlation found to be weaker than for other pore structure parameters. This could be due to the direct
determination of pore connectivity values, particularly due to mixture heterogeneity in cementitious system. CEM III samples had the
highest resistance to chloride penetration of all tested mixes, but the pore structure could not be improved enough to achieve this
trend.

In terms of compressive strength and chloride diffusion coefficient, the low-grade kaolin clay mixtures performed similarly to CEM I
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Fig. 16. Linear regression analysis of critical pore entry radius and pore entrapment fraction against chloride transport coefficients.
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and CEM IIL. The pore structure parameters of the calcined clay mixture were refined after 90 days of curing, and the refinement
contributed to the resistance to ion movement, as shown by the chloride migration results. The chloride migration coefficients showed
a weaker linear dependence on the pore structure parameters compared to the diffusion coefficient. The reason could be that the
migration coefficients are strongly influenced by the conducting ions in the pore solution [48]. Therefore, all pore structure parameters
have a limited effect on chloride penetration in blended cementitious systems, indicating that other parameters of blended systems,
such as chloride binding capacity could have a prevailing role [10,15,65,66]. The binding of chloride ions in various hydrates,
particularly C-A-S-H and AFm phases, retards chloride penetration in cementitious systems. In the systems based on limestone-calcined
clay, the amount of carbo-aluminate hydrate increases as kaolinite content rises. Therefore, the effective binding capacity might be
advantageous for kaolinite-rich clays [5,6]. Maraghechi et al. [6] measured the apparent diffusion coefficient of a cementitious system
with different amounts of kaolinite, from 17% to 95%. They found that the chloride diffusion was greatly reduced as the amount of
kaolinite increased. However, when the kaolinite content went from 50% to 95%, the effect on the chloride ingress resistance was less
significant. Due to the high level of replacement, the amount of portlandite available for clay is limited, preventing formation of
additional hydration products. Therefore, the optimal would be that all of the portlandite is used up in the reaction with calcined clay
and limestone, leaving no unreacted metakaolin behind [7]. Present study confirms that even clays with a lower amount of kaolin, such
as those in mixes CC30 and CC30LS15, can be used to prepare concrete with good resistance to chloride ingress.

5. Conclusion

This paper put forward insights on how the mechanical and chloride penetration resistance change with the substitution of cement
with a low-kaolin clay. Furthermore, study analysed the impact of different durability parameters, such as sorptivity and surface
electrical resitivity, and pore structure parameters, on chloride transport in blended systems. Pore structure parameters that were
analysed include capillary porosity, critical pore entry radius, mean entry radius, and pore entrapment fraction.

The ternary mixes with the addition of limestone prepared and tested in this study had similar durability to the binary mixes and
were better than Portland cement. However, their mechanical properties were significantly lower compared to the CEM I mortar. The
chloride migration coefficients of blended mixes were strongly influenced by the electrical conductivity and surface resistivity of the
system. This influence was stronger in the case of chloride migration coefficients than chloride diffusion coefficients. Chloride
migration coefficients were significantly higher (1.86 times) than diffusion coefficients. The over-estimation in chloride migration
coefficients should be taken into account when using values of rapid chloride migration test in the estimation of service life of blended
mixes.

Regardless of the MIP constraint, the results showed an acceptable correlation between certain pore structure parameters, such as
permeable and capillary pore volume, critical pore radius and pore entrapment fraction, and the chloride transport coefficient. The
critical pore radius and capillary pore volume showed a stronger influence on chloride penetration than other parameters. Moreover,
the correlation of pore structure parameters was relatively stronger with chloride diffusion than with chloride migration coefficients.
Regardless, pore structure parameters cannot be used to fully explain chloride ingress in blended cementitious systems. This study
highlights the importance of revealing the chloride interaction due to the binding effect of the C-S-H surface and the effects of the
charged C-S-H surface to fully understand chloride ingress in these systems.

All of the alternative cementitious materials used in this study were locally available. Despite the relatively low kaolinite content,
the calcined clay used in the study performed better than ordinary Portland cement mortar in terms of chloride penetration and
showed comparable results to slag cement. Thus, even low-grade, locally available clays can be a good choice for cementitious ma-
terials with good resistance to chloride penetration and low CO, content.
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