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Innovative approaches are under research to study the resistance of chloride ion pene-
tration in concrete containing chloride ions, to minimize the impact of chloride ion
penetration test errors in coastal reinforced concrete (RC), which is helpful to the design of
coastal RC structures. In this study, the diffusion depth, free ion concentration and
diffusion coefficient of chloride, iodide ions with different curing ages and GGBFS content
were measured by the Rapid Chloride Migration Test (RCM) and Rapid Iodide Migration
tests (RIM). The SEM-EDS and MIP were used to analyze the microstructures, pore size
distribution and the hydrated products. The results show that the performance of GGBFS
concrete against the diffusion of corrosive ions is affected by the curing age and the con-
tent of GGBFS. With the increase of GGBFS content, especially concrete with 60% GGBFS,
the influence of chloride, iodide ion penetrating into concrete gradually becomes smaller.
The long-age curing system is more conducive to the concrete resistance to the migration
and diffusion of chloride, iodine ions. Compared with the ordinary concrete, the total
porosity of concrete mixed with GGBFS is lower, the internal microstructures have fewer
cracks and defects, the density is better, and the diffusion coefficient of chloride and iodide
ions is also lower. In addition, using the concept of corrosive ion adjustment coefficient
(conversion coefficient of diffusion between chloride ion and iodide ion) and applying the
data regression analysis (DRA), it is found that there is a good quadratic parabolic function
relationship between the GGBFS content and the ions adjustment coefficient.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

If reinforced concrete (RC) is exposed to harsh environments
for a long time (such as marine environment, icy salt-except
environment, etc.), its mechanical properties, durability, etc.
will often be severely degraded. Among them, the corrosion of
rebars is the most serious, which is mainly due to the corro-
sion of chloride ions inside the concrete, and when the chlo-
ride ion concentration reaches a critical threshold, the
alkaline passivation film on the surface of the rebars is
destroyed, causing corrosion of the rebars in the concrete
[1—4]. This phenomenon is very common in coastal areas, and
the comprehensive performance degradation of RC structures
in this environment is very serious, especially the corrosion
failure of rebars [5,6]. This will also result in other durability
problems of the RC structures, such as cracking and falling off
of the concrete cover layer, which seriously affects the service
life of the RC structures and causes some waste of resources
and economy [7,8]. In response to this problem, many scholars
have conducted a lot of explorations on the mechanism of
chloride ion transporting in concrete [9—13]. Among them,
part of the researches on chloride erosion is carried out
through salt leaching tests [14—18]. And the test results basi-
cally conform to Fick's I law or its modified equation. There is
also a part of researches that simulates the atmospheric salt
environment through salt spray tests. Studies have found that
when RC is affected by atmospheric chlorides in coastal areas,
the test results are likely to deviate from Fick's II law or its
modified equation [19,20]. It should also be noted that because
there are often some chloride ions inside the concrete, there
are often certain errors in the test results obtained during the
salt immersion test [21]. In addition, in coastal areas, RC
structures are saturated with seawater for a long time, and are
often affected by the alternation of high and low tempera-
tures. At this time, the migration mechanism of chloride in
the marine environment is more complicated [20]. Although
some scholars have proposed that the diffusion mechanism of
ions in concrete can be obtained by studying the penetration
of iodide ions [21], there are still relatively few studies on the
diffusion of iodide ions in concrete. Based on the above
research backgrounds, to better understand the durability of
concrete in the marine environment, it is of great significance
to study the migration of chloride ions and iodide ions in
concrete.

In recent decades, pozzolan materials (by-products or
combustion residues of coal-fired power plants) are often used
as the mineral admixtures in concrete, which can replace
parts of ordinary Portland cement (OPC), which can save
natural resources and contribute to environmental protection
[22,23]. Among them, fly ash (FA) and ground granulated blast
furnace slag (GGBFS) are the most common pozzolan mate-
rials. GGBFS is a commonly used active mineral admixture in
concrete. The main chemical components of GGBFS are SiO,,
Ca0, Al,03 and MgO, in addition to FeO and a small amount of
alkali. GGBFS is a glass body of the CaO—Si0,—Al,03 system.
Its glass body content is high, the chemical structure is in a
high-energy state, and its instability and potential activity are
very large. The incorporation of GGBFS can reduce OPC hy-
dration heat, improve impermeability and mechanical

strength and many other advantages, so it is widely used in
actual RC structures [24—27].

Nowadays, concrete composed of OPC, silica fume, fly ash
and GGBFS has gradually attracted the attention of civil en-
gineering builders and scientific researchers, and some
scholars have conducted some researches and analysis
[23,28]. Research and exploration found that, obviously, these
concretes with mineral admixtures have very good compre-
hensive properties (workability, mechanical properties,
durability, ecological performance, economic performance,
etc.), and they are also in line with the ideal requirements of
RC structural design. Some scholars have recently conducted
laboratory experiments to prove that concrete mixed with
mineral admixtures has better durability [28,29]. Naturally,
the attention of scientific researchers has gradually turned to
the application of industrial by-product materials containing
volcanic ash in concrete. And these mineral admixtures (fly
ash, silica fume or GGBFS, etc.) have very important effects on
the microscopic morphology, pore structures, mechanical
properties, workability, and durability of concrete. The use of
materials such as fly ash, silica fume or GGBFS has been
shown to significantly affect the chemical properties of the
pore distribution in the concrete matrix, thereby affecting the
electrical conductivity of the concrete. Therefore, the addition
of these mineral admixtures helps to ensure the operating life
of the RC structure embedded with rebars [30—32]. The bene-
ficial effects of GGBFS on RC have been recorded a lot, espe-
cially in corrosive environments rich in chloride and/or
sulfate, such as coastal areas, offshore buildings, salt areas,
and deicing salt highway environments. GGBFS thus adding to
the concrete has been regarded as an effective means for the
production of high-performance concrete [33,34]. Dhir et al.
[35] studied the chloride binding capacity of the slurry under
different GGBFS content and concluded: with the increase of
the amount of GGBFS, the chloride binding capacity of the
mixtures gradually increase, and the content of free chloride
ions in the concrete gradually decreases. It is also found that
the chloride ion binding capacity of cement pastes with the
GGBFS content of 66.7% is about 5 times that of OPC pastes.
Some studies believe that this ability is attributed to the for-
mation of Friedel's salt inside the matrix [35,36]. In recent
years, many scholars have conducted a lot of exploration and
analysis on the durability of GGBFS concrete in coastal areas,
but the understanding of the influence mechanism of chloride
penetration in GGBFS concrete and the microstructures after
chloride intrusion into GGBFS concrete is not very clear.
Therefore, a comprehensive understanding of the ion trans-
mission and diffusion mechanism of GGBFS concrete in the
marine environment is of great significance, and it can pro-
vide some experience and reference for the later life design of
GGBFS RC structures in coastal areas.

This study conducts RIM and RCM tests on GGBFS concrete
of different curing ages and different GGBFS dosages, and
mainly studies the influence of GGBFS on the penetration
depth of iodide and chloride ions, and the concentration dis-
tribution of free iodide and chloride ions. Through MIP and
SEM experiments, the effects of iodide and chloride ions on
the pore structure and microscopic morphology of GGBFS
concrete were analyzed. Finally, through data regression
analysis, the correlation between the iodide ion and chloride
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Table 1 — Chemical composition of OPC (%).

Materials Si0, Al,O5 Fe,03 CaO MgO SO3 Na,Oeq f-CaO Loss
Cement 22.87 4.47 3.48 64.05 2.46 2.44 0.52 0.9 1.21
GGBFS 34.33 13.60 14.89 26.87 8.15 0.23 — - 1.93
ion diffusion coefficient of GGBFS concrete was studied, and 2.2. Determination of chloride and iodide ions diffusion
the correlation equation was obtained. The effects of curing coefficient
age and GGBFS content on the migration and microstructure
of chloride ions are evaluated as a whole, and the feasibilityof =~ 2.2.1.  Rapid chloride ions migration coefficient method (RCM

usingiodide ions instead of chloride ions for the exploration of
concrete ion diffusion performance when adding chloride
ions inside the concrete is analyzed.

2. Raw materials and experimental program
2.1.  Materials

The OPC used in this research project requires Portland
cement without mineral admixtures. The P-I 42.5 benchmark
cement produced by Shandong Lucheng Cement Co., Ltd. was
used for concrete admixture inspection, conforming to Chi-
nese standard GB175-2007 [63], and according to the ASTM
C150 standard, the OPC can be about classified as Type I [37].
and the chemical composition, mineral composition and
physical properties of OPC are shown in Table 1, Table 2, and
Table 3. This test uses the S95 grade GGBFS produced by
China's Jieyang Yongtai Slag Powder Factory, with a specific
surface area of about 513 m%kg and according to the ASTM
C989 standard it can be approximately classified as Grade 100
[64]. The chemical composition and performance indicators of
GGBFS are shown in Tables 1 and 4. Other raw materials: (1).
The river sand is as the fine aggregate, with a fineness
modulus of 2.56 and an apparent density of 2635 kg/m?, which
meets ASTM C33/C33M [38]. (2). Graded gravel with a coarse
aggregate particle size of 5 mm—25 mm, and this also meet the
requirement of ASTM C33/C33M [38]. (3) Tap water is used for
pouring and curing of specimens. (4) The configuration of the
test solution uses deionized water. (5). The main chemicals
include analytical pure NaCl, analytical pure Nal, analytical
pure NaOH, analytical pure KIOs, analytical pure AgNO,, pure
acetic acid and pure starch. The detailed description of the
project was also published elsewhere [39].

2.1.1. Test plans

In the experiment, the proportions of GGBFS to replace the
equivalent amount of OPC are 15%, 30%, and 60%, respectively
and the curing age is 28 d and 150 d, respectively. Before the
test, the test pieces need to be vacuum-saturated to make the
inside of the concrete saturated, and then the RIM and RCM
tests are carried out in the same environment. The test plan is
shown in Table 5.

Table 2 — Mineral composition of OPC clinker (%).

C,S CsS CsA C4AF
56.64 20.87 6.22 10.31

method)

The rapid electromigration chloride ion diffusion coefficient
measurement method is also called the unsteady state rapid
electromigration test method [21,65]: the test piece is placed
between two electrolyte solutions and an external electric
field is applied. The chloride ion in the cathode solution is
tested under the action of the external electric field. Internal
migration of files and the anolyte is 0.3 mol/L NaOH solution,
and the catholyte is 10% NaCl solution. The RCM method is to
test the chloride ion diffusion coefficient of concrete. Fig.1is a
schematic diagram of the RCM and RIM experimental devices.
This test applied the NJ-RCM concrete chloride ion diffusion
coefficient tester produced by Beijing Durable Weiye
Company.

According to the NT-Build 443 and the method standard of
GB/T 50082-2009 [39,40,41], the main steps of the RCM test are
as follows: (1) The test pieces have a diameter of
100 mm + 1 mm and a height of 50 mm + 2 mm. And with a
fine rasp, the permeating water sandpaper polished smooth
surface. (2) Placing the test piece in a vacuum saturated water
machine, then add saturated Ca(OH), solution, dry pumping
for 3 h, wet pumping for 1 h, and stopping for (18 + 2) h. (3) The
anolyte in the test is a 0.3 mol/L NaOH solution, and the
catholyte is a NaCl solution with a mass fraction of 10%. (4)
Recording the initial temperature, specimen height, energi-
zation duration, and targeting voltage of each channel, and
recording the end temperature of each channel. (5) Splitting
the test pieces along the axial direction on the compressive
testing machine, and immediately spraying a 0.1 mol/L AgNO3
solution on the section as a color indicator. (6) According to
the obvious discoloration contour, measuring the penetration
depth with a micrometer, and the result is accurate to 0.1 mm.

2.2.2. Rapid iodide ion diffusion method (RIM method)

The rapid electromigration iodide ion diffusion coefficient
measurement method is also called the unsteady state rapid
electromigration test method [21,65,66]: the test piece is
placed between two electrolyte solutions and an external
electric field is applied. The chloride ions in the cathode so-
lution are tested under the action of the external electric field.
Internal migration of files. The catholyte is 22.18% Nal solu-
tion, and the anolyte is 0.3 mol/L NaOH solution. The test
method of the rapid iodide ion diffusion method (RIM) is very
similar to the method of GB/T 50082-2009 and NT (NORDTEST)
Build 443 [40,41], the test method and steps are roughly the
same as the RCM method. The test equipment is shown in
Fig. 1(b), and the main steps of the RIM test are as follows: (1)
Testing solution: the catholyte is 22.18% Nal solution, the
anolyte is 0.3 mol/L NaOH solution. (2) After the test pieces are
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Table 3 — Physical properties of OPC.

Fineness Density Specific surface Standard Stability mine Setting time (min) Flexural Compressive
(g/cm?) area m%/kg consistency% method/mm strength (MPa) strength (MPa)
Initial Final 3d 28d 3d 28d
setting  setting
0.8 3.15 341 25.8 0.2 142 207 5.7 - 26.2 —

Table 4 — Performance indicators of GGBFS (%).

Materials Fineness Water Loss on Water 28 d compressive
(45 pm square hole sieve residue) demand ratio ignition content strength ratio
GGBF Slag 1.6 95.8 2.82 0.48 92.3

split, spraying 50% acetic acid solution on the surface imme-
diately, and waiting for about 3 min. (3) Spraying a small
amount of 10% potassium iodate solution and waiting for
about 3 min. (4) Spraying a small amount of 5% starch sus-
pension. After about 3 min, the penetration depth is measured
to the nearest 0.1 mm.

2.2.3. Color development mechanism

(1) RCM test color development mechanism

The section of the concrete specimen is sprayed with
0.1 mol/L AgNOj; solution, and there will be white precipitation
in the chloride ion penetration area, which is mainly due to
the chemical reaction Ag*+Cl =AgCl. In the area outside the
penetration of chloride ions, the OH™ and Ag" in the cement
paste react to form a brown Ag,O precipitate, two different
colors will form an obvious dividing line, and the penetration
depth of chloride ions is measured by measuring the white
precipitation area (Fig. 2(a)).

(2) RIM test color development mechanism

Starch is a white powder formed by polymerization of
glucose molecules, composed of amylose (10%—30%) and
amylopectin (70%—90%). Among them, amylose is soluble in
water and has the characteristic of turning blue when exposed
to iodine. Since iodine molecules will be decomposed into
iodate and iodide in an alkaline environment (PH > 9), there is
almost no iodine molecule (I,+20H™—I0~ + I + H,0). The
color reaction of starch and iodine is the most sensitive in a
weak acid environment of PH = 3—5. The concrete matrix is in
a high-alkali environment, so first spraying acetic acid to
acidify the surface of the specimen, and then spraying

Table 5 — Corrosion ion diffusion test scheme of GGBFS
concrete.

Dosage SO S15 S30 S60

Curing age

28d RCM RCM RCM RCM
RIM RIM RIM RIM

150 d RCM RCM RCM RCM
RIM RIM RIM RIM

potassium iodate to oxidize iodine ions into iodine molecules
(51" + 1034+6H " — 31,+3H,0) (Fig. 2(b)).

2.2.4. Calculation method of iodide ion and chloride ion
diffusion coefficient

Obtaining the penetration depth of iodide and chloride ions,
recording the relevant data during the test, calculating the
iodide ion diffusion coefficient and chloride ion diffusion co-
efficient of concrete according to Eq. (1).

10,0239 x (273 + T)L

D U-2)t

U-2 @)

(xd 00238 W)

D——The non-steady ion diffusion coefficient of concrete,
accurate to 0.1x10 '? m?%s. U ——The absolute value of the
voltage used (V). T —The average value of the initial tem-
perature and the end temperature of the anode solution (°C). L
——The thickness of the test piece (mm), accurate to 0.1 mm.
X4 —The average value of ion penetration depth (mm), ac-

curate to 0.1 mm. t —Test duration (h).

2.3. Determination of free iodide ion and chloride ion
content

2.3.1. Powder sample preparation

After the RIM and RCM tests are over, using a mill to grind the
concrete specimens in layers (shown in Fig. 3). Milling rule:
starting from the ion penetration surface, according to the
average penetration depth of the ions of the concrete speci-
mens with different mix ratios, a sample is taken every 2 mm
of grinding. The ground sample powders are passed through a
0.60 sieve, and then the powders are placed in a drying oven
(60 + 5) °C to dry to constant weight, the purpose is to remove
the trace ions doped by the moisture in the powders [20].

2.3.2. Preparation of titration solution

The test method was carried out in accordance with the
AASHTO T 260-97 2009 for water-soluble chloride ion content
test [39,42]. The concrete powders after layered grinding is
prepared into titration solution, and the content of free iodide
and chloride ions in the concrete samples is determined by
using automatic potentiometric titrator. The main steps are as
follows, (1) Weighing 3 g of sample powder into a beaker, and
drying it in an oven at 65 °C for 24 h (2) Then adding 60 ml-70
ml of deionized water and covering the glass dish. Using an
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’

Fig. 1 — RIM and RCM test. 1-anode plate; 2-anolyte; 3-concrete specimen; 4-catholyte; 5-DC stabilized power supply;
6- Rubber bucket; 7-hoop; 8-cathode plate; 9-support; 10-test tank; 11-support head.

electromagnetic stirrer to stir, heating the computer plate
heating table to boiling for 5 min, and let it stand for 24 h (3)
Using a double-layer filter paper funnel to filter the superna-
tant into a beaker, adding methyl orange indicator to the
filtered solution, and dropping concentrated nitric acid until
the solution turns red. (4) Finally, adding about 3 ml of 30%
H,0, solution to remove the sulfide in the samples. And
making up the solution to 150 ml with deionized water.

2.3.3.  Automatic potentiometric titration

This experiment uses the 809 Titrando automatic potentio-
metric titrator produced by Metrohm Company to measure
the content of chloride and iodide ions.

The experiment uses 0.01 mol/L silver nitrate solution as
the titrant. According to the volume of the consumed silver
nitrate solution, the chloride ion content is calculated by Eq.
(2), and the iodide ion content is calculated by Eq. (3).

3.5453 x (V1N1 - VzNz)

Cl™ (%) = W 2

I (%) :12.6904 X (X;Nl — V2N,) (3)
In Egs. (2) and (3), V4 —The volume of AgNO; solution
consumed (ml). N;——The concentration of AgNO; in the

titrant (mol/L). W——the quality of the concrete sample

Fig. 2 — RCM color development and RIM color development. (a) RCM (b) RIM.
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(a) (b)

©

Fig. 3 — Grinding of GGBFS concrete specimens. (a) Pulverizer (b) Pulverized test pieces (c) Concrete powders.

powders. V,——The volume of NaCl solution added (ml).
N,——The concentration of the added NaCl solution (mol/L).

2.4. Microstructure test

2.4.1. MIP

The conventional method for studying the pore structure of
materials is MIP, and mercury intrusion instruments (Auto-
pore IV 9500 porosimeter, Micromeritics, USA) are often used
to test the pores of slurry mixtures. The samples used in this
study are taken from the surface of concrete or mortar, the
diameter of the test samples is approximately 10 mm—15 mm,
and the samples are placed in an oven at 60 °C for 24 h before
the test [43].

2.42. SEM-EDS

This study uses scanning electron microscopy-energy
dispersive spectrum experiments (Its model is Quanta TM
250 FEG, manufactured by FEI Company, America) to analyze
the microscopic morphology of concrete. SEM requires the
test samples to be approximately 15 mm in diameter and
10 mm—15 mm in thickness. In this study, the mixtures on the
surface of the specimens were cut and sampled. Because
concrete has extremely poor electrical conductivity, the
samples needed to be treated with gold plating before the
experiment [43].

2.4.3. XRD

To explore the phase analysis of concrete, this study uses an
X-ray diffractometer (its model is MICROXCT-400, which is
manufactured by XRADIA, USA). In the experiment, the XRD
scan angle was set within the 260 range of 5°—80°. The sample
needs to be ground into very fine powder particles, which are
taken from the inside of the concrete mortar, and the sand
and gravel aggregates need to be removed. The powder par-
ticles need to be dried before the experiment [66].

3. Results and discussions

3.1.  The influence of GGBFS on the penetration depth of
iodide and chloride ions

The GGBFS concrete specimens with curing ages of 28 d and
150 d were subjected to RIM and RCM tests. The results of the

penetration depth of iodide and chloride ions of the GGBFS
concrete are shown in Fig. 4.

Sample 1, Sample 2, and Sample 3 in Fig. 4(a—d) represent
three test pieces with the same mix ratio. It can be seen from
Fig. 5(a) that the content of GGBFS is in the range of 0%—60%.
As the content of GGBFS increases, the depth of chloride ion
penetration in GGBFS concrete gradually decreases. Similarly,
in Fig. 4(b), it can be seen that the penetration depth of con-
crete iodide ion is similar to chloride ion, and it decreases with
the increase of GGBFS content. This shows that GGBFS better
improves the ion permeability resistance of concrete. It can be
seen from Fig. 4(c—d) that when the curing age is 150 d, the
penetration depth of chloride ions and iodide ions of GGBFS
concrete also decreases with the increase of GGBFS content.
And at the same GGBFS volume, the iodine ion penetration
depth of the 150 d specimens is smaller than that of the 28 d
specimens. This is because with the longer the curing time,
the more fully the OPC and GGBFS hydration is, the denser is
the interior of the GGBFS concrete, and the stronger is its
impermeability.

The incorporation of GGBFs greatly improves the anti-ionic
permeability of concrete. It can be found from Fig. 4 (e), when
the curing age is 28 days, GGBFs content ranges from 15% to
30%—60%, and the average penetration depth of chloride ions
is 16.18 mm, 11.99 mm and 9.70 mm respectively, which de-
creases by 37.38%, 53.59% and 62.46% respectively compared
with the specimen SO without GGBFs. Similarly, the average
penetration depths of iodide ions were 18.82 mm, 12.98 mm,
and 10.28 mm, respectively, which were reduced by 31.35%,
54.34%, and 59.97% compared with the sample SO without
GGBFS. It can be seen that GGBFS has similar effects on the
penetration depth of iodide and chloride ions in GGBFS
concrete.

Comparing the average penetration depth of iodide ions
and chloride ions in the 28-day specimens, the difference
between the two values is 2.64 mm, 0.99 mm, and 0.58 mm,
respectively. It can be seen that there is not much difference
between the penetration depth of iodide ion and chloride ion.
With the greater the content of GGBFS, the smaller the dif-
ference in penetration depth is. It can be found from Fig. 5(f)
that when the curing age is 150 d, the average penetration
depth of chloride ions of the specimens S15, S30, and S60
becomes 14.63 mm, 9.73 mm, 8.53 mm, respectively, which is
reduced by 31.35%, 54.34%, and 59.97%, respectively,
compared with the specimen SO without adding GGBFS. The
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Fig. 4 — Ion penetration depth of GGBFS concrete at different curing ages. (a) Chloride ion penetration depth of 28 d GGBFS
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Fig. 5 — Micropores in concrete.

average penetration depth of iodide ions was 16.10 mm,
10.83 mm, and 9.60 mm, respectively, which decreased by
31.02%, 53.6%, and 58.87% respectively. Comparing the
average penetration depth of iodide ions and chloride ions of
150-d specimens, the difference between the two values is
1.47 mm, 1.10 mm, 1.07 mm, and the results are not much
different. It shows that the penetration depth of iodide ion and
chloride ion in 150 d GGBFS concrete also has a good correla-
tion. In addition, according to Fig. 4(e—f), as the curing age
increases and the GGBF slag content increases, the diffusion
depth difference between iodide ions and chloride ions grad-
ually decreases, for example, from 2.2 mm for S0-28d to 0.3 for
S0-28 d mm. This is mainly because when the concrete con-
tains chloride ions, the chloride content measured by the RCM
method is the sum of the external environment and the in-
ternal chloride, while the RIM method can only measure the
concentration of iodide and is not affected by the chloride ions
inside the concrete. Overall, the RIM method can better reflect
the performance of chloride-containing concrete against the
penetration and diffusion of chloride ions. This RIM method
has been popularized and applied in our other literature [66].
Literature [66] studied the resistance of concrete components
contaminated by deicing salt to corrosive ions. And the results
show that it is very valuable to use RIM to test the environ-
mental effect depth of chloride-containing concrete.

Overall, with the increase in the amount of GGBFS, the
performance of GGBFS concrete to resist the diffusion of
chloride and iodide ions gradually improves. As well known,
because GGBFS can react with calcium hydroxide or alkali
released during the hydration process of OPC, the utilization
of GGBFS in concrete production can change the pore size of
concrete and reduce the permeability of concrete. In addition,
when some amount of GGBF slag is added to concrete, in the
OPC system, GGBF slag, OPC and free water undergo hydration
reaction, and there will be many gel compounds in the matrix,
and the alkaline medium in these hydration products can
stimulate GGBF slag further hydrates. Because the OPC system
is an alkaline environment, the surface of these GGBF Slag
glass bodies will be continuously destroyed by the OH™ in the
OPC system. This also promotes further depolymerization of
GGBF slag, and various ions after depolymerization will

diffuse and penetrate into the concrete with the pore solution.
The OH™, HY, etc. in the pore solution of the cement matrix are
adsorbed by the Ca®" and Mg®" on the surface of the GGBF
slag, thereby forming a gel, and will promote the full hydra-
tion of the GGBF Slag glass body, which accelerates the hy-
dration of the cementitious material in the concrete matrix.
When the OH™, Ca?", H,0 in the matrix react with the SiO, in
the glass body of the GGBF Slag, the CaO—SiO,—H,0 (C—S—H)
gel is formed. Therefore, when the content of GGBF slag is
higher, the molar ratio of Ca/Si in the matrix is lower, which
leads to good cementitious performance between C—S—H gels.
This also significantly improves the microstructure of the
concrete matrix, thereby increasing the compactness of the
concrete. Similar conclusions have also been found in the
literature [66]. Therefore, adding GGBFS can enhance the pore
densification and connectivity of the concrete matrix [44], and
the density of the GGBFS concrete matrix gradually increases.
Therefore, compared with OPC concrete, the penetration
depth of corrosive ions in GGBFS concrete is relatively small.
This is consistent with the results of the literature [45—48].
Gesoglu et al. [45] studied the resistance to chloride ion
permeability and water permeability of GGBFS, fly ash and
silica fume self-compacting concrete. In that study, it was
found that with the use of mineral admixtures, the perme-
ability of chloride ions is getting better and better. The chlo-
ride ion permeability of 20%, 40% and 60% GGBFS concrete
decreased from 2065 C to 1053 C, from 2065 C to 403 C and from
2065 C to 282 C, respectively. This is consistent with the
research results of this study, and both show that adding
GGBFS to concrete is a cheap and easy-to-solve effective so-
lution to resist the diffusion of chloride ions in concrete. This
is mainly because the macropores and capillary pores in the
concrete matrix become gel pores and transition pores, and
the pore diameter is less than 5 pm, this also can be found in
Fig. 5, and the literature [46—48] also found these similar re-
sults. In addition, the long curing age system is more condu-
cive to the resistance of GGBFS concrete to the diffusion of
corrosive ions, which has also been confirmed in the literature
[49]. Guneyisi and Gesoglu [49] also studied the comprehen-
sive effects of curing methods and high substitution levels of
GGBFS on the chloride ion permeability of high-performance
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concrete. The study found that regardless of the curing con-
ditions, the chloride ion diffusion effect of GGBFS concrete is
significantly worse than that of concrete without GGBFS. And
the concrete containing over 50% GGBFS, under all curing
conditions and test ages, the value of charged chloride ion is
significantly reduced, which is almost similar to the results of
this study.

3.2. GGBFS effect of free iodine and chloride ions
concentration distribution

It can be seen from Fig. 6(a) that the free iodide ion concen-
tration in GGBFS concrete is significantly lower than that of
ordinary concrete without GGBFS. With the increase of GGBFS
content, the free iodide ion concentration in concrete gradu-
ally decreases. Among them, the concentration of free iodide
ions drops sharply in the zone of penetration depth 0 mm-—5
mm. The free iodide ion concentration of GGBFS specimens
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S0, S15, S30 and S60 decreased by 0.52%, 0.46%, 0.37%, and
0.34%, respectively, and the proportion of the decrease was
41.32%, 42.60%, 42.70%, 59.21%, respectively. After the pene-
tration depth is greater than 5 mm, the free iodide ion con-
centration gradually decreases. And as the penetration depth
is greater than 5 mm, the content of corrosive ions in the
concrete gradually decreases, and the corrosive ion content
curve gradually becomes flat with the increase of penetration
depth. Similar research phenomena have also been found in
literature [8,20]. And when the penetration depth is the same,
with the higher the content of GGBF Slag, the lower is the
content of corrosive ions in the concrete. This also shows that
GGBF Slag helps to improve the compactness of concrete and
reduce the total porosity of concrete. Similar research results
have also been found in the literature [66]. Similarly, it can be
seen from Fig. 6(b) that as the content of GGBFS increases, the
concentration of free chloride ions in concrete also gradually
decreases, and the downward trend is similar to that of free
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Fig. 6 — The distribution of ions in GGBFS concrete under different curing ages. (a) Concentration distribution of free iodide
ion at28 d. (b) Concentration distribution of free chloride ion at 28 d. (c) Concentration distribution of free iodide ion at 150 d.

(d) Concentration distribution of free chloride ion at 150 d.
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iodide ions. Within the penetration depth of 0 mm—5 mm, the
free chloride ion concentration of GGBFS specimens S0, S15,
S30 and S60 decreased by 0.43%, 0.37%, 0.36% and 0.16%,
respectively, and the decreasing proportions were 56.21%,
56.50%, 63.32% and 58.33%, respectively. From the above
analysis, it can be concluded that for the 28-day GGBFS con-
crete, the free chloride ion concentration drops in the ranges
of 56.21%—62.31%, and the free iodide ion drops in the range of
41.32%—59.21%. The above analysis shows that the GGBFS
concrete with an age of 28 days has a good correlation be-
tween the free iodide ion and chloride ion concentration
distribution.

When considering the age of 150 d, it can be found from the
above figure that at the same penetration depth, the concen-
tration of free chloride and iodide at 28 d is greater than the
ion concentration at 150 d. This shows that with the longer the
curing age, the better the impermeability of GGBFS concrete to
iodide and chloride ions is. This is because OPC hydration is a
continuous process for a long period of time. The C—S—H gel
keeps increasing, the pores keep decreasing, and the pozzo-
lanic effect of GGBFS gradually appears, which promotes
cement hydration and makes the concrete interior become
more and more dense. From Fig. 6(c—d), it can be found that
within the penetration depth of 0—5 mm, the free iodide ion
concentration of the specimens SO0, S15, S30, and S60
decreased by 0.54%, 0.40%, 0.31%, 0.26%, respectively. The
proportions of decline were 45.12%, 43.85%, 42.10%, and
52.80% respectively. The free chloride ion concentration of
specimens SO, S15, S30, and S60 decreased by 0.41%, 0.29%,
0.22%, and 0.14%, respectively, and the proportion of the
decrease was 58.51%, 55.30%, 54.82%, and 63.40%, respec-
tively. Therefore, within 0 mm—5 mm of concrete, with the
increase of GGBFS content, the decrease rate of iodide ion and
chloride ion concentration in the concrete gradually de-
creases. The above analysis shows that the GGBFS concrete
with the curing age of 150 days has a good linear correlation
between the free iodide ion and chloride ion concentration
distribution.

The incorporation of GGBFS improves the resistance of
concrete to chloride ions and iodide ions. On the one hand, the
filling effect of GGBFS powder makes the interior of the con-
crete more compact, reduces the porosity, and improves the
resistance of GGBFS concrete to ion permeability. The external
aspectis the physical adsorption and chemical combination of
chloride ions by GGBFS. The secondary hydration reaction of
GGBFS in the concrete produces more C—S—H gels, and more
C—S—H gels can adsorb more iodide and chloride ions. In
addition, some studies have shown that the compound gel
and microscopic pores in the concrete matrix will affect the
concrete's resistance to corrosive ion penetration and diffu-
sion [67]. And when the content of GGBF Slagin the concrete is
less than 50%, the chloride is more likely to be adsorbed in the
C—S—H gels due to the effect of charge ion balance [68].
Therefore, the content of GGBF Slag is an important factor
affecting the chloride content in concrete. Some studies have
found that when the content of GGBF Slag is greater than 50%,
the main hydration product in concrete is C-A-S-H gel [69,70].
The hydration reaction of this gel is different from the hy-
dration reaction of C—S—H gel. C-A-S-H gel can combine free
water to form crystals [66]. As a result, these compound

products can fill the pores of the matrix, change the curvature
and quantity of the pores of the matrix, thereby improving the
compactness of the concrete, which reduces the permeability
of corrosive ions in the concrete. Therefore, it is not difficult to
find in this study that when the content of GGBF Slagis higher,
the content of corrosive ions in concrete is relatively low,
which also shows that the content of GGBF Slag directly af-
fects the ability of concrete to resist the migration of corrosive
ions. Overall, this can be used as an effective method to
improve the ability of concrete structures to resist corrosive
ion migration, which is very similar to the research conclu-
sions of literature [67].

In addition, GGBFS contains more Al,0s, and its hydrated
product calcium aluminate hydrate reacts with chloride ions
to form calcium chloroaluminate hydrate [50,51], which is
commonly the Friedel salt (C3A-CaCl,-10H,0). The iodide ion
reacts with calcium chlorate hydrate to form calcium iodoa-
luminate hydrate [52], the chemical formula is shown in Egs.
(4) and (5), and the Compound products of iodide ion and
chloride ion is 3Ca0O-Al,05-Cal,-8H,0 and C3ACaCl,e10H,0.
The above effects all increase the ability of concrete to hinder
iodine and chloride ions.

CsA + CaCl,+10H,0 — C3ACaCl,e10H,0 4)
C3A + Cal,+8H,0— C;ACal,e8H,0 (5)
3.3. Correlation analysis of iodide ion and chloride ion

diffusion coefficient of GGBFS concrete

3.3.1.  The influence of GGBFS on the diffusion coefficient of
iodide and chloride ions

Performing RCM and RIM tests on GGBFS concrete with
different content at the same time, recording relevant data,
measuring the average penetration depth of iodide and chlo-
ride ions, and then calculating the diffusion coefficient of io-
dide and chloride ions according to Eq. (1), the result is shown
in Fig. 7. It can be clearly seen from Fig. 7 that as the content of
GGBFS increases, the diffusion coefficients of iodide ions and
chloride ions gradually decrease, and the diffusion co-
efficients of iodide ions are slightly larger than the diffusion
coefficients of chloride ions.

The chloride ion diffusion coefficients of the 28-day spec-
imens SO, S15, S30 and S60 are 11.95 x 1072 mZ%s,
7.58 x 1072 m?%s, 3.97 x 107" m%s and 3.16 x 107> m%s
respectively. The iodide ion diffusion coefficients are
12.97 x 1072 m?/, 8.62 x 1072 m?%s, 4.64 x 1072 m%s and
3.65 x 10~'? m?/s respectively. The proportions of iodide ion
diffusion coefficient higher than chloride ion diffusion coef-
ficient are 8.51%, 13.71%, 16.88%, 15.34%, respectively. In
addition, it can be found that when the GGBFS content is
greater than 30%, the reduction of the diffusion coefficients of
iodide and chloride ions has been slowed down. It shows that
the GGBFS content has a maximum effect on the improve-
ment of concrete anti-ionic permeability. If this maximum
value is exceeded, the improvement effect becomes less
obvious.

The pozzolanic effect of GGBFS reduces the amount of
hydrated Ca(OH), in the coarse crystals of the concrete, and
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Fig. 7 — Comparison of iodide ion and chloride ion diffusion coefficients of GGBFS concrete at different curing ages.

promotes the hydration of the cement to produce more high-
strength, stable and low-alkaline C—S—H gels, thereby
improving the internal structure of the concrete compactness
[44]. When the amount of GGBFS exceeds a certain amount,
the insufficient amount of Ca(OH), in the concrete affects the
play of the pozzolanic effect of GGBFS, resulting in a slight
decrease in the anti-ion penetration performance of the con-
crete. It can be seen from the above analysis that GGBFS has
similar effects on concrete iodide ion diffusion coefficient and
chloride ion diffusion coefficient, and they have a good cor-
relation. And with the gradual increase of the curing age and
the content of GGBFS, the diffusion coefficient of corrosive
ions gradually decreases, which is consistent with the
research conclusion of the literature [45].

3.3.2.  Correlation of GGBFS concrete iodide ion and chloride
ion diffusion coefficient
A large number of RC structures are inevitably corroded by
chloride ions in the environment during service. The chloride
ions inside the concrete will affect the accuracy of the chloride
ion diffusion coefficient measured by the RCM, and the test
results will be completely distorted. This study applies the
iodide ion diffusion coefficient measured by the RIM to find
out the correlation between the iodide ion and chloride ion
diffusion coefficient, and uses it to evaluate the durability of
concrete. From the analysis of the above section 3, it can be
found that the iodine ion diffusion coefficient and chloride ion
diffusion coefficient of GGBFS concrete have a good correla-
tion, and under the same mix ratio, the iodine ion diffusion
coefficient is slightly larger than the chloride ion diffusion
coefficient. For the specimens with a curing age of 28 days, the
iodide ion diffusion coefficient is 1.085—1.169 times of the
chloride ion diffusion coefficient. For the specimens with a
curing age of 150 days, the iodine ion diffusion coefficient is
1.119—-1.184 times of the chloride ion diffusion coefficient.

To study the correlation between the iodide ion diffusion
coefficient and chloride ion diffusion coefficient of concrete
mixed with GGBFS at the curing age of 28 days, Data

regression analysis on GGBFS content x and adjustment co-
efficient "a" was conducted, which can be obtained by D
(CI') ="a" x D (I'). The data regression analysis result is shown

in Fig. 8,

a=0.9217 — 0.3468x + 0.4263x> ©6)

According to Table 6, although the error values of the three
specimens in the control group and the concrete group mixed
with GGBF Slag are different. For example, the error values of
S0-2 and S0-3 in the control group are very close, but signifi-
cantly higher than S0-1, the error value of S60-1 is 0.92%, the
error value of S60-2 is 0.27%, and the error value of S60-3 is
0.65%, but their error values are all less than 1%. This is mainly
because the internal microstructure of each group of concrete
is different, which leads to differences in the penetration and
diffusion of corrosive ions, which can be verified in Section 3.4
and Section 3.5. But on the whole, the error between the
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Fig. 8 — Fitting of GGBFS content and adjustment coefficient
"o" at 28d curing age.
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Table 6 — Comparison of iodide ion and chloride ion diffusion coefficient of GGBFS concrete under 28 d curing age.

Code D (I") x 10- m%s Adjustment After conversion D (I7) D (Cl7) x 107 * m%s Error value
coefficient « (positive value)
S0-1 12.78 0.921 11.78 11.78 0.03%
S0-2 13.15 0.921 12.12 12.24 0.98%
S0-3 12.98 0.921 11.96 11.84 1.04%
S15-1 8.11 0.879 7.13 7.19 0.82%
S15-2 8.76 0.879 7.71 7.69 0.21%
S15-3 8.98 0.879 7.90 7.86 0.50%
S30-1 4.42 0.856 3.78 3.81 0.71%
S30-2 4.65 0.856 3.98 3.98 0.07%
S30-3 4.85 0.856 4.15 4.12 0.74%
S60-1 3.57 0.867 3.09 3.12 0.92%
S60-2 3.69 0.867 3.20 3.19 0.27%
S60-3 3.69 0.867 3.20 3.18 0.65%

predicted value of concrete and the test value is basically less
than 1%, which also shows that the predicted value and the
error value are almost the same. Therefore, it can be consid-
ered that the RIM test method can replace the RCM method to
predict the performance of the chloride-containing concrete
against the migration of chloride ions. In addition , it can be
seen from Table 6 that the iodide ion diffusion coefficient of
GGBFS concrete obtained by RIM test. After adjusting the co-
efficient "«" transformation, the obtained chloride ion diffu-
sion coefficient is compared with the chloride ion diffusion
coefficient measured by RCM, and the test error range is
0.03%—1.04%, which basically meets the engineering accuracy
requirements. Therefore, the iodide ion diffusion coefficient
of 28 d GGBFS concrete can be used as the chloride ion diffu-
sion coefficient of GGBFS concrete after the corrosion ion
adjustment coefficient is converted.

Similarly, to study the correlation between the iodide ion
diffusion coefficient and chloride ion diffusion coefficient of
150-day concrete mixed with GGBFS, data regression analysis
on GGBFS content x and adjustment coefficient 8 was con-
ducted, which can be obtained by D (CI') = 8 x D (I'). The data
regression analysis result is shown in Fig. 9,

$=0.8937 — 0.1859x + 0.1723x* @)

According to Table 7, although the error values of the three
specimens in the control group and the concrete group mixed
with GGBF Slag are different. For example, the error value of
$30-2 in the control group is 0.21%, the error value of S30-2 is
0.29%, but it is significantly higher than the 0.05% of SO-1, the
error value of S0-1 is 0.46%, and the error value of S0-2 is
0.99%, S0-3 error value is 0.29%, but their error values are all
less than 1%. This is mainly due to the different types of in-
ternal pores, porosity, and micro-combination products of
each group of concrete, which leads to differences in the
penetration and diffusion of corrosive ions in the concrete.
This is in Section 3.4 and Section 3.5. All have been verified.
But on the whole, the error between the predicted value and
the test value of concrete is basically less than 1%, which also
shows that the predicted value and error value of chloride in
concrete are almost the same. Therefore, this also shows that
the RIM test method can replace the RCM method to predict
the performance of the chloride-containing concrete against
the migration of chloride ions. Similarly, it can be seen from

Table 7 that the iodide ion diffusion coefficient of 150 d GGBFS
concrete obtained by RIM test is transformed by the adjust-
ment coefficient 8, and the chloride ion diffusion coefficient
obtained is compared with the chloride ion diffusion coeffi-
cient measured by RCM. The test error value range is 0.05%—
1.34%, which basically meets the engineering accuracy re-
quirements. Therefore, the iodide ion diffusion coefficient of
GGBFS concrete under the curing age of 150 days can be used
as the chloride ion diffusion coefficient of GGBFS concrete
after being transformed.

Generally speaking, when the curing age is 28 days, GGBFS
is in the early stage of hydration in concrete and cannot be
fully hydrated. When the curing age is 150 days, GGBFS is in
the late hydration stage of concrete, which is close to com-
plete hydration [53]. To simplify Egs. (6) and (7), within the
curing age range of 28 d—150 d, Eq. (6) can be used to calculate
the adjustment coefficient of GGBFS concrete. For GGBFS
concrete with the curing age of more than 150 days, the
adjustment coefficient can be calculated by Eq. (7), so Eq. (8) is
the calculation formula for the corrosive ion adjustment co-
efficient of GGBFS concrete under different curing ages.

{ a = 0.9217 — 0.3468x + 0.4263x>

Curing days < 150d ()
§ = 0.8937 — 0.1859x + 0.1723x?

Curing days > 150d
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Fig. 9 — Fitting of GGBFS content and adjustment coefficient
8 under 150 d curing age.
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Table 7 — Comparison of iodide ion and chloride ion diffusion coefficient of 150-d GGBFS concrete.

Number D (I) x 10 m?s Adjustment After D (Cl7) x 107 m%/s Error value
coefficient « conversion D (I7) (positive value)
SO-1 9.88 0.893 8.83 8.87 0.46%
S0-2 10.77 0.893 9.62 9.53 0.99%
S0-3 10.16 0.893 9.08 9.11 0.29%
S15-1 5.01 0.869 4.36 4.42 1.34%
S15-2 4.99 0.869 4.34 4.34 0.05%
515-3 5.06 0.869 4.40 4.37 0.76%
S30-1 3.83 0.853 3.27 3.26 0.21%
S30-2 3.78 0.853 3.23 3.22 0.29%
S30-3 3.88 0.853 3.31 3.31 0.05%
S60-1 3.45 0.844 291 291 0.12%
S60-2 3.37 0.844 2.85 2.86 0.43%
S60-3 3.33 0.844 2.82 2.81 0.26%
3.4. Pore structure analysis concrete is very beneficial to the hydration of cementitious

The specimens with GGBFS content (0%, 15%, 30%, 60%) were
subjected to RIM and RCM tests, and the pore structure of the
specimens was tested according to the MIP introduced in
Section 2. From the cumulative pore size distribution curves in
Fig. 10(a—b), it can be seen that after iodide and chloride ions
invade the specimens, the cumulative pore size distribution of
the ordinary concrete SO specimens is larger than the GGBFS
concrete specimens. Cumulative pore size represents the total
void volume of concrete measured by MIP, which shows that
the incorporation of GGBFS reduces the pore volume of con-
crete. As the amount of GGBFS increases, the cumulative pore
size gradually decreases.

In addition, in the differential pore size distribution of con-
crete, the peak of the curve indicates that the proportion of pores
with the pore size is the largest, which is called the most prob-
able pore. From the differential pore size distribution in
Fig. 10(c—d), it can be seen that after the RIM test, the most
probable pore of the specimen SO is 81 nm, the most probable
pore of the specimen S15 is 50 nm, the most probable pore of the
specimen S30 is 32 nm, and the most probable pore of the
specimen S60 is 26 nm. Similarly, after the RCM test, the most
probable pore of specimen S0is 77 nm, the most probable pore of
specimen S15 is 53 nm, the most probable pore of specimen S30
is 28 nm, and the most probable pore of specimen S60 is 30 nm.

The increase of GGBFS content makes the peak on the
differential distribution curve shift to the left side of the small
pore direction. This is mainly because GGBFS promotes
cement hydration, generates more and more abundant hy-
dration products, fills the pores, and increases the number of
gel pores. In addition, the solid phase product Friedel salt
formed by the chemical combination of iodide and chloride
ions with the cement phase will reduce the number of mac-
ropores and thereby reduce the porosity of the concrete paste
[54]. By comparing the most probable pore of RCM and RIM
specimens, it can be seen that iodide ions and chloride ions
have similar effects on the most probable pore size of GGBFS
concrete, and both decrease with the increase of GGBFS con-
tent. According to the previous literature [66,71], GGBF slag
has pozzolanic effect, micro-aggregate effect and microcrys-
talline nucleus effect. Because GGBF slag has higher activity
than fly ash, the addition of high content of GGBF slag in

materials in concrete, thereby ensuring that there are more
cementitious products inside the concrete. These compounds
can fill the pores in the concrete matrix, thereby increasing
the density of concrete. As shown in Fig. 10, especially, for the
S60 concrete, because of the high volume of GGBF Slag, the
secondary hydration activity of GGBF slag becomes higher,
which is more conducive to the formation of C—S—H gel.
These gels condense through cementation to block the pores,
thus reducing defects such as large pores (>50 mm) and cracks
in the concrete matrix [66,71]. However, there are some tiny
pores inside the gel, mainly gel pores (<50 mm).

The literatures [55,56] classifies the pore size of concrete
into four levels, namely harmless pores <20 nm, less harmful
pores 20 nm—50 nm, harmful pores 50 nm—200 nm, and more
harmful pores>200 nm. Fig.10(e and f) shows the pore volume
classification of different GGBFS concrete and its percentage
of total pore volume. After the RIM test, the proportions of
harmless pores in the specimens S0, S15, S30, and S60 were
38%, 45%, 41%, and 42%, respectively. The proportions of less
harmful pores were 20%, 19%, 24% and 25%. The proportion of
harmful pores is 17%, 13%, 11%, and 14%. The proportions of
more harmful pores are 25%, 23%, 24%, and 19%. It can be seen
that as the content of GGBFS increases, the proportion of
harmless pores inside the GGBFS concrete after the intrusion
of iodide ions also increases, while the proportion of harmful
pores decreases.

Similarly, after the test of the RCM, the proportions of gel
pores in the specimens S0, S15, S30, and S60 were 40%, 45%,
46%, and 44%, respectively. The transition pores accounted for
18%, 21%, 17%, 23%. Capillary pores accounted for 15%, 12%,
14%, 13%. The proportion of macro pores is 27%, 22%, 23%,
20%. The incorporation of GGBFS improves the pore structure
of GGBFS concrete very well. Comparing the SO specimens
with the GGBFS specimens, the improvement effect of GGBFS
is obvious. After the chloride ion invades, the proportion of
harmless pores (gel pores and transition pores) in the speci-
mens is also increasing, and the proportion of more harmful
pores (Capillary pores and macro pores) is decreasing.

The above analysis shows that the GGBFS concrete after
RIM and RCM test, the incorporation of GGBFS can increase
the proportion of harmless pores in the GGBFS concrete and
reduce the proportion of harmful pores. The GGBFS volume is
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in the range of 15%—60%. As the dosage of GGBFS increases,
the improvement effect on changing pores distribution and
decreasing the porosity is better.

3.5. Microstructural characterization

Observing the microscopic morphology of cement paste by
scanning electron microscopy (SEM) can be used to charac-
terize the compactness of GGBFS-cement paste, the degree of
hydration and morphological characteristics of GGBFS parti-
cles [57,58], etc. In this study, 150-day GGBFS concrete samples

Initial crack

e L YRS

©

Initial cracks

C-S-H

(e)

were selected for SEM experiments to observe the microscopic
morphology of the hardened GGBFS concrete after iodide and
chloride ions. The results are shown in Fig. 11(a—f).

It can be seen from the micro-topography that there is no
obvious difference between the GGBFS-cement slurry after the
erosion of iodide ions and chloride ions. With the increase of
the GGBFS content, the more irregular GGBFS particles are
visible, the secondary hydration products around the GGBFS
particles are also more abundant, the slurry becomes denser,
and the visible pores gradually decrease. From the S30 sam-
ples, a lot of CH flaky crystals can be clearly observed, and the
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Fig. 11 — Micro morphology of GGBFS concrete. (a) Microscopic morphology of S15 under chloride ion erosion (b) Microscopic
morphology of S15 under erosion of iodide ion. (c) Microscopic morphology of S30 under chloride ion erosion (d) Microscopic
morphology of S30 under erosion of iodide ion. (e) Microscopic morphology of S60 under chloride ion erosion (f) Microscopic

morphology of S60 under erosion of iodide ion.
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fibrous C—S—H gel is abundant. When the dosage is 60%, the
CH crystals in the samples are reduced, and the slurry has
become very dense, which is in good agreement with the pore
results measured by the MIP experiment.

In addition, in concrete containing GGBF slag, the main
hydration products are C—S—H and CH. The distribution of
C—S—H in concrete containing 15% GGBF slag is dense and
uniform. In contrast, the hydration products of concrete
containing 30% GGBF slag are complex, including C—-S—H,
AFt, CH and some hydration phases similar to salt impurities.
Literature [59] also found that in OPC slurry containing
seawater, there are more unhydrated cement particles at 63
days, and seawater may reduce the hydration rate in the later
stage of OPC. In addition, there are significant differences in
the surface morphology of hydration products between
concrete containing 15% GGBF slag and concrete containing
60% GGBF slag. Alarge number of hexagonal crystals AFm are
found in concrete containing 60% GGBF slag, which are the
hydration products of C4AF. As for the concrete containing
60% GGBF slag, a large number of hexagonal crystals AFm are
closely intertwined with C—S—H and other hydration prod-
ucts, making the matrix structure denser than that of con-
crete containing 15% GGBF slag, thereby reducing the

porosity of the concrete, which is consistent with the MIP
analysis.

In order to further determine the microscopic effect of
concrete resisting corrosive ion penetration under different
GGBF slag content, a drawing analysis of energy spectrum
elements was carried out. The element distribution diagrams
of concrete containing 15% GGBF slag, concrete containing
30% GGBF slag and concrete containing 60% GGBF slag are
shown in Fig. 12. Research has found that the hydration
products of concrete containing 15% GGBF slag are complex.
In addition to C—S—H, CH and AFt, it also contains salt im-
purities such as calcium carbonate and magnesium carbon-
ate. These salt impurities caused by the abundant chloride
and iodide solutions in the corrosive solution have been found
to be another possible reason for the slight decrease in the
compressive strength of seawater and sea sand concrete [60].
In the concrete containing 15% GGBF slag, the content of Al is
high and the content of Fe is low in the AFm phase. In
contrast, the AFm phase of concrete containing 60% GGBF slag
appears to have a higher Fe/Al ratio. The iron in AFm mainly
comes from C4AF, and the Fe/Al ratio has a great influence on
the corrosion resistance of the ferrite phase including C4AF
and its hydration products including AFm [61]. In addition, the
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Fe/Al ratio of AFm in 60% GGBF slag concrete and 15% GGBF
slag concrete are 0.78 and 1.13, respectively. Compared with
concrete containing 60% GGBF slag, concrete containing 15%
GGBF slag has a higher Fe/Al ratio in the AFm phase. This also
further shows that corrosive ions (such as iodide or chloride
ions, etc.) can accelerate the hydration of C4AF to form AFm.
Studies have shown that this acceleration can increase the
early mechanical strength of concrete and densify the
microstructure of concrete [62]. In addition, with the increase
of the GGBF slag content, the calcium and oxygen elements in
the concrete gradually increase, which indicates that the
calcium carbonate hydrated gradually increases. This also
shows that as the GGBF slag helps to promote the hydration of
concrete, the matrix of 60% GGBF slag concrete is denser. This
result is consistent with the result of MIP analysis.

It can be observed from the comparison of Fig. 11 that the
microscopic morphology of the internal slurry of the GGBFS
concrete after the RIM and RCM tests are similar. Literature
[52] found that the hydration product 3CaO-Al,03-Cal,-8H,0
of iodide ion in concrete mixed with GGBFS through XRD test
is similar to the hydration products of chloride ion 3Ca0-Al,.
03-CaCl,-10H,0 (Friedel salt). This indicates that iodide ions
and chloride ions have similar effects on the micro
morphology of the internal slurry of GGBFS concrete.

3.6. Hydration products analysis of concrete mixed with
GGBF slag

It can be seen from Fig. 13 that after the RCM and RIM test of
the concrete mixed with GGBFS, the hydration products of
chloride ions and iodide ions will appear in the concrete,
which are 3CaO-Al203-Cal2-8H20 and 3CaO-Al203-CaCl2-
10H20. The peak value of these two compounds is about 11°,
which also proves the conclusion in Section 3.2, and this is
also very similar to the conclusion of the literature [52]. In
addition, there are a large amount of C—S—H gel inside the
concrete, with peak values of 9° and 18°, respectively. It can
also be seen from the XRD pattern that the peak value of the
C—S—H gel is relatively high, which also indicates that there is
a large amount of C—S—H gel inside the concrete, which is also
very similar to the findings of Section 3.4.

4, Conclusions

This subject systematically studied the diffusion and distri-
bution of corrosive ions in GGBFS concrete and plain concrete,
and analyzed the pore structure and micro morphology of
GGBFS concrete through SEM, MIP. The conclusions are as
follows.

(1) In the RIM and RCM tests, as the content of GGBFS in-
creases, the penetration depth of iodide and chloride
ions in concrete gradually decreases. As the longer the
curing period is, the stronger the ion permeability
resistance of GGBFS concrete is. At the same GGBFS
content, the penetration depth of iodide ions in con-
crete is slightly greater than the diffusion depth of
chloride ions.

(2) In the RIM and RCM tests, as the penetration depth in-
creases, the concentration of free iodide and chloride
ions in GGBFS concrete gradually decreases. With the
greater the content of GGBFS, the smaller the free ion
concentration at the same penetration depth is. The
concentration of free iodide ions at the same penetration
depth is slightly greater than that of free chloride ions.
Iodine ions and chloride ions have similar effects on the
pore structure and microscopic morphology of the
hardened GGBFS concrete slurry. With the increase of
GGBFS content, the cumulative pore volume and the
most probable pore of GGBFS concrete gradually
decrease. After iodide ions and chloride ions invade the
concrete, they have similar effects on the distribution of
different pores of the specimens. GGBFS can increase the
proportion of transition pores and gel pores in the con-
crete, and decrease the proportion of macropores and
capillary pores.

(4) As the content of GGBFS increases, the diffusion coef-
ficient of iodide and chloride ions in concrete gradually
decreases. Among them, the iodine ion diffusion coef-
ficient is 1.085—1.184 times that of the chloride ion
diffusion coefficient. Based on the data regression
analysis method, the relationship between the GGBFS
content and the corrosion ion adjustment coefficient «
and g is fitted. After the iodine ion diffusion coefficient
of GGBFS concrete is adjusted and transformed, the
error value meets the engineering accuracy re-
quirements and can be used as the chloride ion diffu-
sion coefficient of GGBFS concrete. This provides some
ideas and experience for the study of chloride ion
diffusion in chloride-containing concrete.
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