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Abstract: This paper presents experimental investigations into the effects of ultrafine blast furnace
slag on microstructure improvements against chloride penetration in saturated and unsaturated
cementitious systems exposed to cyclic drying–wetting conditions. The hydration kinetics of ultrafine
slag powders and pore solution chemistry in slag-blended cementitious systems at different ages,
together with the main hydration products and pore structure characteristics, were determined. The
chloride profiles accounting for different slag contents and drying–wetting cycles were measured.
The results reveal that the reactivity of ultrafine slag can be well described with Avrami’s equation.
The dilution effect of the slag predominated the pore solution chemistry, and the pH value decreased
with a higher inclusion of slag. An optimal inclusion of 65% slag by mass of the binder corresponding
to the finest pore structure and highest hydrotalcite content was found, which provides a reasonable
basis for the slow chloride diffusion and high chloride binding. Under drying–wetting exposure,
the specimen with a lower saturation exhibited a higher chloride transport caused by capillary
absorption in the skin layer. The chloride transport tended to be diffusion controlled after sufficient
drying–wetting cycles.

Keywords: ultrafine blast furnace slag; pore solution chemistry; microstructure; chloride transport;
drying–wetting; unsaturated

1. Introduction

The long-term behavior of reinforced concrete structures exposed to a tidal zone has
been a serious concern in marine engineering [1]. Billions of dollars are annually required
worldwide for maintenance purposes. A major cause of distress can be ascribed to the
reinforcement corrosion induced by chloride attack. The soluble substances of cement
create an alkaline nature, with a pH value close to 13 or above in the pore solution to
passivate the steel surface. The accumulation of chloride ions on steel surfaces driven by
persistent diffusion, together with capillary absorption in many situations, may destroy
the passivity, resulting in steel corrosion. Chloride transport takes place through the
microstructure of a cementitious system. Some of the chloride ions can be physically
bound by the main hydration products C-S-H [2]. The alumina-rich AFm phases [3] consist
of positively charged main layers [Ca2(Al,Fe)(OH)6]+ and negatively charged interlayers
[X.nH2O]−. They can chemically react with the chloride ions, forming the so-called Friedel’s
salt. Chloride ions can be bound considerably by calcium oxychloride hydrate, which is
formed in particular situations such as a high chloride concentration (3.5 mol/L) and low
temperature (5 ◦C). Other phases, such as hydrotalcite, a representative of the layered
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double hydroxides group, also play an important part in the adsorption of chlorides,
especially for the concrete-containing ground granulated blast furnace slag [4].

The replacement of ordinary Portland cement OPC by ground granulated blast furnace
slag, among others, at a large scale has become a common means for improved economic
and sustainable considerations in marine concrete structures. The often-adopted cementi-
tious slag has a relative density of around 2.9, and its particle fineness is usually higher than
that of OPC. The use of slag has been shown to remarkably influence the initial particle
packing and change the pore solution chemistry in cementitious systems. The hydration
process and associated microstructure formation are expected to be quite different from
those based on OPC. A practical question arises with respect to the current and future dura-
bility criteria when the slag is used as much as possible. A considerable number of scientific
and engineering studies have been carried out over the past decades. The beneficial effects
of slag utilization, particularly for chloride-laden environments, have always been a hot
topic of research [5–13]. The role of slag in cementitious systems is affected by a variety of
factors, such as chemical composition (CaO, MgO, Al2O3, and SiO2), glass content, particle
size distribution, etc. [14]. The enrichment of the SiO2 is conducive to the pozzolanic
reaction, a reason for the production of secondary C-S-H. The MgO of slag promotes the
formation of hydrotalcite [15], contributing to chloride binding behavior. The Langmuir
and Freundlich isotherms have been recognized in many cases as applicable for describing
the relationship between the bound and free chlorides in cementitious systems [16].

A widespread consensus regarding the optimal inclusion level of slag with respect to
maximizing the chloride resistance has not been reached yet. The common moderate dosage
of 50% slag is adopted primarily according to strength considerations [17]. Thomas et al. [7]
pointed out the time-dependent nature of chloride diffusion. They emphasized that the
resistivity to chloride transport by adding slag is enhanced mainly for the periods after
6 months. This is partially related to the relatively slow hydration of slag. Field concretes
are normally unsaturated, which plays a crucial role in long-term chloride transport.
This issue has been highlighted and elaborated on in recent reports [10,11,18]. Based
on a comprehensive literature survey, research on chloride penetration and transport
mechanisms of unsaturated cementitious systems incorporating ultrafine slag powders
are far from adequate. This is particularly true when the unsaturated specimens were
exposed to the corrosive tidal zone of marine environments. All of this calls for the need
for careful investigations to explore the fundamental aspects of slag addition on changes to
microstructure-based transport properties under drying–wetting exposure.

The aim of the present work was to probe the hydration kinetics of ultrafine slag
powders and to understand the microstructure characteristics of the hardened slag-blended
cement paste specimens. The chloride transport properties of the corresponding mortar
specimens under cyclic drying–wetting conditions were subsequently explored. The slag
replacement level (0, 25, 65, and 85%) and degree of saturation (60, 80, and 100%) were
considered in the mortar specimen preparation. The reactivity of slag with the hydration
period was determined using the ethylene diamine tetraacetic acid (EDTA) dissolution
method. The pore solution chemistry, including the concentrations of ions Na+, K+, and
OH− as the hydration time elapsed, was figured out. Changes in the hydration products
and pore structure with the inclusion of slag were characterized by means of thermogravi-
metric analysis TGA/DTG and mercury porosimetry, respectively. The chloride transport
properties, with or without binding considerations, were measured. The effects of slag
content, as well as the degree of saturation, on microstructure-based transport properties
were emphasized and discussed in detail. The aim of this research is to help contractors
and engineers make more reliable and sensible decisions for mixture designs using ultra-
fine blast furnace slag in marine concrete structures, in addition to more economic and
sustainable concrete production.
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2. Experimental Section
2.1. Raw Materials

P·O 42.5 Portland cement (OPC) and ground granulated blast furnace slag with a
high fineness of 670 m2/kg were used. The main chemical compositions of the OPC and
the slag as determined by X-ray fluorescence are shown in Table 1. The losses on ignition
(LOIs) were 2.13 and 1.52 for the raw OPC and slag, respectively. It was expected that some
carbonate compounds were included in both materials. The slag was mostly amorphous,
with a minor crystalline phase of melilite, as evaluated by X-ray diffraction analysis. Paste
and mortar samples were prepared using deionized water. The water to binder ratio (w/b)
was kept constant at 0.42. Siliceous sand with particle sizes from 0.125 to 2 mm was used as
the fine aggregate of the mortar samples. The mass ratio of the cement binder to sand was
1:3. The mortar samples were cured in a moist room with a temperature of 23 ± 2 ◦C and
relative humidity above 98%. OPC was the essential part of all mixtures. The replacement
levels of OPC by slag were 25, 65, and 85%. For each mixture, the hardened samples were
cured for 1, 3, 7, 14, 28, 60, and 120 days. Three replicates of each mixture were prepared to
ensure the reproducibility of the experimental data.

Table 1. Chemical composition of OPC and slag, weight %.

Items OPC Slag

CaO 64.32 41.52
SiO2 19.53 34.65

Al2O3 4.67 11.12
Fe2O3 3.45 0.53
MgO 1.98 8.12
K2O 0.51 0.45

Na2O 0.31 0.21
SO3 2.62 2.38
TiO2 0.32 1.05
LOI 2.13 1.52

2.2. Microstructure Characterization

A range of microstructural measurements was carried out on paste specimens of dif-
ferent ages. The reactivity of ultrafine slag particles and constitution of hydration products,
as well as the pore solution chemistry and pore structure features, were determined to
characterize the effects of slag addition on microstructure development.

The reaction of the ultrafine slag particles was explored based on the EDTA dissolution
method, which enables the extraction of components other than unreacted slag. The EDTA
residues are composed primarily of amorphous silica phases and also contain hydrotalcite
phases as well. For correction purposes, EDTA extractions were performed on the neat OPC
paste and raw slag powders. For details regarding the EDTA dissolution and data analysis,
a reference can be made to the previous work of Lumley et al. [19]. The decomposition
of the hydration products was traced from thermogravimetric analysis (TGA) using an
STA (TG-DTA-DSC) 449 F3 Jupiter. The heating temperature was increased from 40 to
1000 ◦C with a heating rate of 10 ◦C/min. The weight loss of each component occurring
at a particular temperature range was captured. The mass of the specimen used in the
ceramic crucible was around 50 mg, and argon was used as the protective gas.

The pore solution of cylindrical paste specimens was collected according to the ex-
pression method proposed by Barneyback and Diamond [20]. The collected pore solution
was stored in plastic bottles and sealed immediately to avoid water evaporation and car-
bonation. An inductively coupled plasma optical emission spectrometer was employed to
quantify the pore solution chemistry. The concentrations of ions Na+, K+, Ca2+, and SO4

2−

were figured out. The concentration of OH− and the pH value of the pore solution were
determined based on titration against the 0.1 N HCl solution. In addition to hardened paste
samples cured for 1~120 days, some paste samples, soon after casting at 2, 6, and 12 h, were
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prepared, and the evolution of OH− in the pore solution was measured. Changes in the
OH− at the very early stage were deemed as a reasonable index to trace the dissolution
and hydration kinetics of slag particles.

Mercury intrusion porosimetry (MIP) was applied to assess the influences of ultrafine
slag particles on the pore features of cementitious pastes. It was assumed that the cementi-
tious pores were cylindrical and equally accessible to mercury. The relationship between
the pore size and external pressure can be described using the well-known Washburn
equation [21]. Prior to the MIP tests, the specimens at the desired age were immersed in
liquid at −195 ◦C for 5 min and then moved to a freeze-dryer (−24 ◦C and 0.1 Pa) until a
constant mass of the specimen was attained.

2.3. Chloride Penetration Measurements

Cylindrical mortar specimens Φ100× 50 mm cured for 120 days were used for chloride
transport studies. These cylinders were formulated with different contents of slag. Before
preconditioning, the mortar specimens of each mixture underwent a vacuum-saturation
procedure. The saturated mortar specimens were then preconditioned at 50 ◦C to different
degrees of saturation, i.e., 60% and 80%. The partially saturated mortar specimens after
the preconditioning were homogeneous in relative humidity. More details of the specimen
treatment can be referred to in a previous report [22]. The degree of saturation of the mortar
specimen can be determined using Equation (1).

S =
m−md
ms −md

, (1)

where S is the degree of saturation, m (g) is the mass of the sample at an unsaturated state,
ms (g) is the mass of the sample at a saturated state, and md (g) is the mass of the sample
dried at 105 ◦C.

Chloride transport studies were carried out on mortar specimens exposed to cyclic
drying–wetting conditions. All surfaces of the specimens were sealed except the tops, which
were designed as the testing surfaces. The specimens at saturation levels of 100, 80, and 60%
were placed in a climatic chamber maintained at 25 ± 1 ◦C. The top surfaces of the mortar
specimens were subjected to cyclic exposure of 6 h drying and 6 h wetting with a NaCl
solution (165 g/L). Such a drying–wetting regime was adopted since it coincides with the
exposure conditions for marine structures located in tidal zones. At the exposure periods
of 2, 5, 10, 30, 50, and 70 drying–wetting cycles, the chloride profiles of the specimens were
obtained by grinding powders layer-by-layer, together with potentiometric titration [23].
The (acid-soluble) total chloride profiles and (water-soluble) free chloride profiles were both
measured [2,23,24]. The difference between the total and free chloride profiles represents
the bound chloride profile. The chloride-binding isotherm for specimens of different slag
content was analyzed. In the case of the diffusion of chloride ions in the specimen, the
chloride transport can be quantitatively described based on the curve fittings of the chloride
profile using the solution of Fick’s second law, as shown in Equation (2).

c(x, t) = Cs − (Cs − Ci)erf
(

x
2
√

Dat

)
, (2)

where c(x, t) is the total chloride content at depth x (m) after exposure time t (s); Cs is the
surface chloride content; Ci is the initial chloride content of the material, which is zero in
this work; Da is the apparent chloride diffusion coefficient (m2/s).

3. Results and Discussion
3.1. Hydration Kinetics of Slag-Blended System

The reacted and unreacted slag of the paste specimens at different ages were deter-
mined based on the EDTA dissolution method. The hydration degrees of the slag, defined
as the ratio of the reacted slag over the total slag and as a function of age, are provided
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in Figure 1. The three curves exhibit similar trends, regardless of the slag replacement
level. In general, high reactivity of the ultrafine slag can be found and its hydration degree
was above 21% for the paste specimen incorporating 25% slag, even on the first day of
hydration. The rapid reaction of the slag proceeded until the end of 14 days. Afterwards,
the slag continued to hydrate, but its reactivity seems to have decreased gradually. After
28 days, the hydration degree of the slag tended to be slowly increased as time elapsed. It
is worthwhile to note that a higher slag content led to an obvious decrease in the hydration
degree of slag. The content of calcium hydroxide CH, which acted as a necessary activator,
largely controlled the reaction of the slag. The CH was produced in the process of the
OPC hydration, and its content was lower for the specimens with a lower amount of OPC
(namely, a higher amount of slag) in the binder mixture, as will be proved later in the
present work.
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Figure 1. Hydration degree of ultrafine slag in paste specimens of different ages.

The hydration degree of slag as a function of age can be well described using Avrami’s
equation (Equation (3)), as referred to by Taylor [15]. The results by using Equation (3) to fit
the experimental data of the 85% slag binder are shown as a green dotted line in Figure 1.

α = 1− exp(−ktn), (3)

where α represents the hydration degree of the slag, and k and n are constants. The curve-
fitting values of k and n, as well as the correlation coefficient R2, were derived and are given
in Table 2.

Table 2. Values of fitting parameters in Avrami’s equation.

Mixture k n R2

25% slag 0.22 0.27 0.97
65% slag 0.16 0.32 0.97
85% slag 0.10 0.36 0.98

The mass losses of various hydrates in the slag-blended paste specimens with elevated
temperatures were quantified by TGA. The derivations (DTG) of the specimens at 28 days,
as a representative result, are shown in Figure 2. The components are somewhat similar,
as expected. A consistent mass loss of all specimens below 100 ◦C was observed, which
partly resulted from the evaporation of free water and loosely bound water. The first main
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peak at around 70 ◦C can be ascribed to the decomposition of ettringite (AFt). Losses of
interlayer water in the main hydrates, C-S-H, took place at 50 ◦C. The dehydroxylation of
C-S-H started at approximately 100 ◦C [15,25], and continuous loss of chemically bound
water up to 800 ◦C was reported [26]. The decomposition in the temperature range of
140~400 ◦C is attributable to the series of AFm phases, which should include hemicarbonate
or monocarbonate, owing to the presence of CO3

2− in the raw materials [27]. The two small
peaks at about 300 ◦C and 380 ◦C can be related to the two-step dehydration of the lamellar
hydrotalcite (Ht), which contains aluminum and magnesium [28].
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Figure 2. Differential thermogravimetric (DTG) curves of 28-day paste specimens incorporating
different contents of slag: Aft—ettringite, Ht—hydrotalcite, CH—calcium hydroxide, CC—calcite.

The sharp peak between 400 and 500 ◦C corresponds to the dehydration of the crystal
CH phase, followed by a small peak between 600 and 700 ◦C related to calcite (CC) decom-
position. With quantitative analysis, it is clear that a higher AFt content was found when
OPC was partially replaced by 25% slag, as seen in Figure 2. The AFt content decreased by
increasing the substitution from 25 to 65%, while it increased again with a further rise in
the replacement level by 85% slag. The CH content decreased with an increase in the slag
content. The amounts of the alumina-rich AFm phases, as well as the Ht hydrates, are the
highest for the 65% slag binder.

3.2. Pore Solution Chemistry

Figure 3 shows the results of the major ionic concentrations of the pore solutions
expressed in paste specimens of increasing slag content hydrated from 1 day up to 120 days.
The main components of the pore solutions were Na+, K+, and OH−. The content of minor
components Ca2+ and SO4

2− were found to be obviously lower in the slag-blended binders
than in the OPC binders. Their concentrations were below 0.01 mol/L for all slag-blended
binders after 1 day. The data are not presented herein. It should be emphasized that
logarithmic plots are presented in Figure 3c in order to observe more clearly the evolution
of ions in the pore solution during the first few hours of mixing. Accordingly, very few
changes in the OH− can be seen in the first 6 h. It is expected that the concentrations of
alkalis Na+ and K+ did not differ significantly in the meantime, considering the charge
balance in the pore solution. Another expectation can be reached that the slag did not react
in the first 6 h.
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The addition of slag considerably changed the pore solution chemistry, particularly at
later ages. A higher slag content normally results in lower concentrations of alkalis Na+

and K+. The dilution effect of slag can be the main reason for the reduction of such ionic
concentrations. Between 65% slag and 85% slag binders, the Na+ concentration exhibited
merely a slight difference at 1 day. However, the difference was apparently larger for the K+

concentration. This implies that the alkalis in the raw slag particles had already dissolved
in part. The dissolution of alkalis Na+ and K+ proceeded rapidly in the first 14 days. The
ionic concentrations changed slowly after 28 days and tended to reach a plateau in the long
term. This is true for both alkalis Na+ and K+. On the other hand, a reduction in the ionic
concentrations can be observed in some cases after 60 days, particularly for OH−. This is
related to the solubility of slag, which is limited at early ages and becomes pronounced at
later ages. The continuous dissolution of slag leads to more hydration products (secondary
C-S-H) to be precipitated in the capillary pores. These secondary C-S-H hydrates enable
the adsorption of alkalis, subsequently reducing the alkali content in the pore solution.

The concentration of K+ was obviously higher than that of Na+ at all ages. At 1 day, the
OH− concentration decreased markedly from 0.30 mol/L of neat OPC binder to 0.13 mol/L
of 85% slag binder. The difference in the OH− concentration was further enlarged at the age
of 120 days: 0.67 mol/L (OPC) versus 0.24 mol/L (85% slag). For all binders under study,
the pH value differed in the range of 13.13~13.48 at 1 day, compared to 13.38~13.83 at



Appl. Sci. 2022, 12, 4064 8 of 16

120 days. It is expected that all these binders with or without slag will maintain high
alkalinity and keep high pH values in the long term.

3.3. Pore Structure

Characterizations of the pore structures in various paste specimens were carried out
with MIP measurements. Figure 4 shows the results of the pore sizes for the 65% slag
binder at the age of 1 day to 28 days. Two different pore categories, corresponding to the
first and second peaks, are observed. The first peak represents the capillary pore system,
which refers to the originally water-filled space, and the pore sizes were normally larger
than 0.1 µm. The second peak represents the gel pore system, which was formed owing to
the insufficient packing of hydration products. At 1 day, the amount of hydration products
was limited and the majority of the pores belong to capillary pores. With the ongoing
hydration process, more hydrates precipitated, filling the capillary pores and, as a result,
the first peak is obviously smaller, while the second peak is larger, as can be reflected by the
curve at 3 days. It seems that the first peak disappears after slag hydration of 7 days, and
only one big bump relating to the gel pore system is observed. The bump moves towards
the finer pore sizes as the hydration proceeds to 28 days.
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It is expected that capillary pores will always be present in hydrated cementitious
systems [29]. The absence of the first peak for the specimens at later ages can be ascribed
to the well-known ink-bottle effect [30]. The MIP technique assumes that all the pores are
equally accessible to mercury. This assumption is surely inappropriate for cementitious
systems [31], which have a wide range of pore sizes from the nano- to the micro-scale.
During the MIP tests, the mercury intruded the throat (small) pores to reach the internal
ink-bottle (large) pores. As a consequence, the first peak relating to the large pores cannot
be precisely detected, in particular for the specimens with a dense microstructure.

Figure 5 compares the pore size distributions of 120-day paste specimens with in-
creasing slag contents. The curve of each binder possesses one main peak. The pore size
corresponding to the main peak is often noted as the critical pore diameter. It is normally
considered that the critical pores, along with the pores larger than the critical pore diameter,
are able to form a connected pore network, allowing for mass transfer. As such, the critical
pore diameter plays a crucial role in mass transport properties. As indicated in Figure 5,
the pore sizes turned out to be significantly finer with the addition of slag, irrespective of
slag contents of 25~85%. The critical pore diameter dropped from 0.045 µm for OPC to
0.009 µm for 85% slag. The slag can react not only with calcium hydroxide but also with
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water to produce calcium silicate hydrate C–S–H and calcium aluminates [32], leading to
the densification of the microstructure. A higher replacement of OPC by slag from 25 to 65%
tended to generate more C-S-H hydrates, leading to a remarkable pore structure refinement.
This was, however, not the case when the slag replacement level further increased from
65 to 85%. The main reason can be related to the low content of CH in the 85% slag binder;
therefore, it is difficult to fully activate the reactivity of the slag, as already proved in
Figure 1.
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3.4. Chloride Transport Properties

Figure 6 shows the evolution of the total chloride profiles with drying–wetting cy-
cles for 120-day saturated mortar specimens blended with 65% slag. Similar shapes are
observed for all drying–wetting cycles. A common peak of chloride content is found in
the outermost part of 3~4 mm. The chloride peak is closely related to the accumulation
phenomenon caused by intermittent drying–wetting exposure. The drying procedure led
to the evaporation of free capillary water, and the evaporation front moved inwards as
time elapsed. Some chloride ions moved outwards along with the water evaporation,
and others precipitated in the capillary pores due to oversaturation. In the subsequent
wetting procedure, additional chlorides, along with an aqueous solution, were absorbed
into the first layers of the specimen. The absorption front can normally reach the depth
of the previous evaporation front, as the wetting process is significantly faster than the
drying process. The amount of fluid evaporated after 8 days can be re-saturated by ab-
sorption within 2 h, as reported by Spraag et al. [33]. The chloride content corresponding
to the peak increased clearly with the increase in the cycles. Saturation of the chloride
content in the skin layer was not observed, even after 70 drying–wetting cycles, implying
that the maximum chloride binding capacity was not reached. In the inner part of the
specimen, the chloride content decreased with the depth and seems to have followed a
diffusion-controlled process of ingression. This indicates that the convection caused by
cyclic drying–wetting plays an important role in chloride penetration only in the first
millimeters of slag-blended mortars.

Figure 7 displays the changes in the total chloride profiles in saturated mortar spec-
imens of various slag contents after 10 drying–wetting cycles. The variation rule for the
chloride content versus depth is basically the same, except that the chloride content was
noticeably lower in the slag-blended binders than in the OPC binder. This observation is
true for all different replacement levels of slag (25~85%). The 65% slag binder presented the
lowest chloride content in the entire penetration depth. This can be intimately related to the
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finest pore sizes in the microstructure of the 65% slag binder, as already addressed earlier.
With an increase in the depth, the chloride content increased first and then decreased.
This again proves the limited influential depth of drying–wetting cycles, known as the
convection zone, on chloride penetration, irrespective of the binder type. The convection
zone seems to be smaller when incorporating the slag. The main reason can be related to
the much finer pore structure in the slag-blended binders, for which the evaporation front
during the drying procedure is expected to be smaller than that in the OPC binder. The
chloride peak formed within the convection zone was observed to be apparently higher for
the OPC binder. The larger porosity and associated coarser pore sizes are considered to be
in charge of the peak amplitude in the first 10 cycles of drying–wetting exposure. The large
pores provided more space for the external chloride solution to penetrate into the surface
part of the specimen.
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Figure 8 depicts the differences in the total chloride profiles of mortar specimens in
the saturated and unsaturated states. For saturated specimens (S = 100%), there was a clear
peak in the chloride content in the skin layer, and the peak became increasingly pronounced
with the increasing drying–wetting cycles. For unsaturated specimens (S = 60%), however,
the accumulation of chlorides seems to have been less apparent, and the chloride peak
disappeared in the outermost part of the specimen, in particular for the early drying–
wetting cycles. The chloride content of the unsaturated specimens shows a slight decrease
first and then a rapid drop with the depth. In the wetting process of the unsaturated
specimens, capillary absorption predominated the transport phenomena, and the effect of
capillary absorption seems to have been pronounced with the first increase in the drying–
wetting cycles. As such, the chlorides could hardly be accumulated in the skin layer. On
the other hand, the saturation level of the unsaturated specimen became higher with the
continuous increase in the drying–wetting cycles, given that water evaporation caused
by drying is much slower than water absorption caused by wetting. There may possibly
be a critical saturation level, above which the influential depth of cyclic drying–wetting
on chloride penetration tends to be decreased. The accumulation of chlorides in the skin
layer of the unsaturated specimens (S = 60%) could be observed after 50 drying–wetting
cycles. For unsaturated specimens, the convection owing to cyclic drying–wetting played a
significant role in the chloride penetration, and the chloride contents were considerably
higher than those of the saturated specimens. This suggests that marine concrete in tidal
zones should be cured with as much saturation as possible to avoid drastically rapid
penetration of chloride at an early age of service.
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To quantitatively describe the effect of drying–wetting cycles on chloride penetration,
the experimental data of the total chloride profiles were fitted with Fick’s second law
(Equation (2)). The apparent chloride diffusion coefficient Da as a function of the drying–
wetting cycles is displayed in Figure 9. It has been recognized that both capillary absorption
and chloride diffusion influence the chloride penetration of specimens exposed to cyclic
drying–wetting conditions. The Da values given in Figure 9 were used primarily for
comparative studies. The surface chloride content Cs does not have a consistent trend
of change with increasing drying–wetting cycles according to the best-fit results using
Equation (2). The Da value, nevertheless, generally shows a decreasing trend with the
increased cycles of drying–wetting exposure. A drastic drop in the Da value can be seen at
the early stages of the drying–wetting cycles, and a slightly slow decrease in the Da value
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was observed at later stages. The Da value was considerably higher for the binders with
lower saturation levels. The slag-blended binders exhibited markedly higher resistance to
chloride penetration than the OPC binders, as reflected by the lower Da values.
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and slag-blended mortars at different saturation levels.

It is interesting to note that the differences in the Da values were diminished for 65%
slag binders of various saturation levels. This was the same case for OPC binders. The
Da value may become quite similar for a particular binder even with a different initial
saturation level after sufficient exposure to drying–wetting cycles. The chloride transport
at early drying–wetting cycles, as indicated by the Da value, seems to have been much
more sensitive to the initial saturation level for the slag-blended binders than for the OPC
binders. In the early days of drying–wetting exposure, capillary absorption played an
important part in the chloride penetration of unsaturated binders. A lower saturation of
the binder corresponded to higher capillary absorption, leading to a higher Da value. The
saturation level of unsaturated binders increased rapidly at the early exposure and then
tended to increase gradually. As a consequence, the effect of drying–wetting cycles and
the resultant capillary absorption of chloride penetration became less pronounced as the
exposure continuously proceeded. Differences in the Da values resulting from varying
initial saturation levels decreased in the meantime. Between the binders of 65% slag and
OPC at S = 60%, their Da values showed a small difference in the first cycles of exposure
but a much larger difference after 70 cycles of exposure. This highlights the importance of
the saturation level in the chloride penetration process. It should be kept in mind that the
significantly positive effect of slag on the resistance to chloride penetration exists primarily
when the materials are of high saturation levels. The role of saturation should be carefully
taken into consideration in the case of pursuing a sufficient utilization of slag.

Figure 10 shows the relationship between bound chloride and free chloride in saturated
mortar specimens with different replacement levels of slag after exposure to 70 drying–
wetting cycles. The bound chloride content is expressed in mg/g after normalization to the
mass of the mortar specimen. As observed, the slag-blended binders clearly had higher
amounts of bound chloride than the neat OPC binder, in particular for the case of a high
free chloride concentration. The 65% slag binder was found to have had the highest amount
of bound chloride.
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The increase in the chloride binding capacity by including slag is attributable in part
to the formation of Friedel’s salt owing to a higher content of alumina in the raw slag
materials. The dilution effects of slag addition on the concentrations of OH− and SO4

2− in
the pore solution also played an important part in the higher binding of chlorides. Extensive
completions between chloride, OH− and SO4

2− exist when reacting with alumina phases
in cementitious systems. The presence of additional SO4

2− reduces the binding of chlorides
in both C-SH and AFm phases in the sense that the C-S-H phases can include more SO4

2−

than chlorides [34]. A typical example related to this aspect can be found elsewhere [35].
A higher SO4

2− content, in combination with aluminate-containing phases, leads to an
increase in the tendency to transfer AFm to ettringite. A preferential reaction of sulfates
with alumina-rich phases, such as AFm, was substantiated compared to the formation
of chloride containing alumina phases, such as Friedel’s salts, as referred to in the work
of Zibara [36]. The sites for chloride adsorbed on the main hydrates C-S-H are increased
as soon as the content of OH− is decreased. This has been well documented in previous
works [37,38].

Another important aspect contributing to chloride binding is related to the significant
refinement of the pore structure by incorporating slag. As described earlier in this work,
the majority of pores are below 20 nm for slag-blended binders, compared to a coarser pore
structure of OPC binder, with pore sizes mostly below 60 nm. The pore walls of hydrated
cementitious systems are negatively charged, with a compact layer containing alkalis (Ca2+,
Na+) and a diffuse layer adsorbed on the pore walls [39]. The presence of the electrical
double layer enables the promotion of the chloride binding and, hence, delays the chloride
penetration. It should also be mentioned that chloride can be adsorbed in the interlayer of
hydrotalcite (Ht), a distinct hydration product from incorporating slag, and the interlayer
space is then enlarged because of the larger sizes of the chloride ions compared to the
hydroxide ions [40].

As abovementioned, a variety of factors contribute to the chloride binding behavior in
the slag-blended binders. Clarification of the dominant factors influencing chloride binding
is a topic of ongoing study and requires further in-depth investigation. With quantitative
analysis, the relationship between bound chloride and free chloride shown in Figure 10 can
be well described using the Langmuir isotherm, as shown in Equation (4). The correlation
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coefficients from the curve fittings are all above 0.96. The difference in the slag content is
the key reason for the variation in the chloride binding.

Cb = α·Cf/(1 + β·Cf), (4)

where Cb is the bound chloride content (%), Cf is the free chloride content (mol/L), and α
and β are the fitting parameters.

4. Conclusions

The present work provides a comprehensive experimental study with respect to the
effects of ultrafine blast furnace slag on hydration, microstructural formation, and chloride
transport in cementitious specimens. The role of the degree of saturation in the resistance to
chloride penetration is emphasized. The main conclusions can be summarized as follows.

(1) The hydration kinetics of ultrafine slag powders can be well predicted using Avrami’s
equation. With increases in slag addition, the amount of calcium hydroxide was
decreased while the ettringite content was found to be increased. The dilution effect
dominated the pore solution chemistry. By adding 85% slag, the pH value decreased
to a level below 13.4 and tended to be reduced slightly in the long term owing to the
continuous hydration of the slag.

(2) The lowest chloride penetrability was found by incorporating 65% slag, whereby the
pore structure was significantly refined, delaying chloride diffusion. Meanwhile, the
pore solution chemistry, including OH− and SO4

2−, was diluted, together with a high
amount of hydrotalcite, promoting chloride binding. The effect of slag addition on
chloride binding behavior agrees well with the Langmuir isotherm.

(3) Under drying–wetting conditions, a chloride peak presented in the skin layer of
saturated specimens, while the peak was not obvious for unsaturated specimens. The
specimens of lower saturated levels exhibited a higher chloride transport at early
exposure to drying–wetting cycles. The effect of the initial saturation level on chloride
transport became less pronounced as the exposure continuously proceeded.

(4) Between slag and OPC binders, the difference in the chloride transport driven by
capillary action gradually diminished with a decrease in the saturation level. The use
of slag greatly enabled the promotion of the resistance to chloride ingression under
drying–wetting cycles, in particular for long-term exposure.

It is normally considered that higher fineness results in higher reactivity of slag
powders. However, higher fineness will inevitably increase the amount of water needed
to maintain fluidity, and slag powders react more drastically at an early age. Sudden
hardening and cracking can then be expected in the cementitious system. A higher fineness
of slag does not necessarily allow for a higher replacement level in cementitious systems.
The hydration degree of slag tends to be decreased when more cement is replaced by slag,
irrespective of the fineness. From a durability point of view, the hydration of slag to a
higher degree should be emphasized when slag is used in marine concrete.
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