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The electrochemical impedance spectroscopy (EIS) tests of concrete with nanoscale
mineral additives immersed in fresh water and saline water were carried out to analyze the
effects of chloride ion conditions and nanoscale mineral additives on the impedance
parameters of concrete. The results showed that at the same content of mineral impurities,
the pore solution resistance, the resistance of charge transfer by hydration electrons and
the diffusion impedance coefficient of concrete blocks immersed in saline water were less
than those immersed in fresh water; the capacitance of a double electric layer was greater
than that of concrete blocks immersed in fresh water, and the constant phase angle index
was basically the same. This indicated that for concrete immersed in saline water, chloride
ions diffuse into concrete; as a result, the free ion concentration in the pore solution and
C—S—H gel increases, the resistance of the electrolyte in the pore solution and the diffusion
resistance of free charge in the porous structure of concrete decrease. However, the
presence of the chloride ion did not have a noticeable effect on the characteristics of the
porous structure of concrete. Under the same immersion conditions, with an increase in
the content of nanoscale mineral additives, the impedance parameters of concrete such as
the pore solution resistance, the charge transfer resistance of hydration electrons, the
diffusion impedance coefficient and the constant phase angle index showed an increasing
trend, while the double electric layer capacitance basically remained unchanged, indicating
that nanoscale mineral admixtures reduce the porosity of concrete, improve the compact-
ness of concrete and improve performance of concrete.

Keywords: concrete, nanoscale mineral additives, chloride ion, electrochemical imped-
ance spectroscopy, impedance parameter.

Eaxekrpoximiuna iMmemaHCcHA CIEKTPOCKOIIA OETOHY 3 HAHOPO3MIipPHOI0O MiHEPAJBHOID
no6aBrow. Yuxia Liang, Qiuyan Meng, Ruihong Jia

IIpoBegeno BunpobyBamuHsA eseKTpoximiumol cmexTpockomnii immnemamcy (EIC) 6Geromy 3
HAHOPO3MIipHUMH MiHepaJIbHUMU ZoDaBKaMI, 3aHYPEHUMU y IPicHY Ta cojloHy Boxy. Pesyib-
TaTH IoKas3aiu, 110 IPKU OZHAKOBOMY BMicTi MiHepasbHOI ZOMINIKU omip pO3UYMHY IOP, Omip
IIepeHeCeHHA 3apANy e€JeKTpoHaMm rigparariii i koeditienT gudysiiinoro omopy 6eTOHHIX
6J0KiB, BaHYpeHUX B COJIOHY BOLY, MeHINle, HiK 3aHypeHuX y npicmy Bogy. Eaexrpuuna
eMHicTh Oyna 6inbioro, HisK y OeToHHMX 6JO0KIB, 3aHYpeHUX y IpPicHY BOoZy, a IOKA3HUK
nmocritinoro daszoBoro Kyra 6yB mepeBaxHO TakuM caMmuM. Ile BKaszye Ha Te, 110 gia 6eToHY,
3aHYPEHOTO B COJIOHY BOZY, ioHUM xyopuzay audyHAYIOTH B OeTOH, INo 30imbIllye KOHIEHTpA-
1iro BinmbHUX ioHIB y posumui mop Ta remxi C-S—H, Ozmax OpHCYTHICTH XJOPUI-iOHY He
BILINBAE IIOMITHO Ha XapaKTEePUCTUKU NIOPUCTOI CTPYKTypu OeTomHy. ¥ THX Ke yMOBaX
3aHypeHHdA, 31 36iIbIITIeHHAM HAHOPO3MIPHUX MiHepaNlbLHUX IOMINIOK, IapaMeTpHU iMIegaHCy
0GeTOHY, Taki AK OIip PO3UMHY IIOP, OUIp IepeHeCeHHS 3apdAny e€JNeKTPOHIB rimpararii, xo-
edimienT gudysifinoro iMmegancy Ta iHgekc mocTiiHOTO (PasoBOro KyTa MAalOTh TEHAEHIIIIO IO
361MbIITeHHA, B TOH Uac AK €JIeKTPOEMHicThL mpakTuuHo He 3MiHunacda. Ile Bkasdye ma Te, 110
HaHOpo3MipHa MiHepanbHa J00aBKa SHILKYE NIOPUCTICTH 6eTOHY, HOKPAIlye HOro IMinbHIiCcTH
Ta MOKpAaIllye poboui XapaKTepUCTUKU OeTOHY.
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(a) Randle circuit
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Fig. 1. Equivalent circuits of concrete: (a) the Nyquist plot of the Randle circuit; (b) the Nyquist

plot of the quasi-Randle circuit.

1. Introduction

With the development of science and
technology, nano materials technology is
more and more widely used in concrete ma-
terials. Nanoscale ultra-fine fly ash, slag
and other industrial residue are added into
concrete as mineral additives, which not
only realizes the sustainable use of materi-
als, turns waste into treasure and reduces
the use of cement, but also improves the
working performance of concrete and im-
proves the durability of concrete [1-2].
Therefore, an in-depth study of the effect
of nanoscale ultra-fine fly ash and slag on
the microstructure and properties of con-
crete can not only promote the rational
utilization of nanoscale ultra-fine fly ash
and slag, but also have important signifi-
cance for improving the working perform-
ance of concrete. At present, the research of
concrete with nanoscale mineral additives
mainly focuses on the effect of the additive
on macro-performance and mechanical prop-
erties of concrete [3—5], such as permeabil-
ity, strength and so on. There are few stud-
ies on the change of internal microstructure
of concrete with nanoscale ultra-fine min-
eral additives [6], and fewer studies on
micro-characteristics of concrete with
nanoscale mineral additives in an aggressive
environment. Based on the measurement of
impedance spectrum parameters of concrete
with nanoscale ultra-fine mineral additives
immersed in saline water and fresh water,
the impedance parameters and internal
micro-structure changes of concrete with
nanoscale ultra-fine mineral additives in a
chloride environment are studied [7], which
provides a reference for the durability
study of concrete with nanoscale ultra-fine
mineral additives.
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2. Experimental

2.1 Physical significance of impedance
spectrum and impedance parameters of con-
crete

Electrochemical impedance spectroscopy
is an important tool for studying the micro-
structure and properties of materials. As a
porous medium material, concrete can be re-
garded as a special electrochemical system
with an electrolyte solution in pores. The
electrochemical impedance spectra (EIS) of
concrete can be measured by placing inert
metal electrodes on the opposite sides of
concrete blocks. According to the change of
EIS, the development and change of con-
crete microstructures can be understood.
Under ideal conditions, the Nyquist dia-
gram of a concrete EIS is of the Randles
type, but in practical application, due to the
special structure system of concrete, the
Nyquist diagram of a concrete EIS is of the
quasi-Randles type. Fig. 1 shows the
Nyquist graphs of the Randles type and the
quasi-Randles type; and Fig. 2 shows
equivalent circuits of the Randles type and
the quasi-Randles type. The difference be-
tween the Nyquist graphs of the Randles
type and the quasi-Randles type is in the
follows:

(1) The electrical double layer capaci-
tance C; in the Randles equivalent circuit is
replaced by a constant phase angle element
(CPE).

(2) In the Faraday impedance, the War-
burg impedance Z, is also replaced by a
constant phase angle element. The angle of
intersection between the low-frequency
sloped line of the spectrum and the real
axis deviates by 45°.

In this paper, the quasi-Randles equiva-
lent circuit shown in Fig. 1b, and Fig. 2b is
used for analysis. The physical meanings of
electrochemical parameters of R,, R, Cg4, q,
o, and p are as follows.
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(a)The Nyquist plot of Randle circuit
Fig. 2. The Nyquist plot.

(1) R, is the resistance of electrolyte in a
concrete pore solution, and the unit is
Q - em2. According to the quantitative rela-
tionship between electrochemical impedance
parameters and structural parameters, is in-
versely proportional to the total ion concen-
tration in porous solution and to the total
porosity of concrete.

(2) C; is the double electric layer capaci-
tance of C—S-H gel, indicating the electrical
properties of cement hydration product, and
the unit is F/cm2. In the quasi-Randles
equivalent circuit, it is always replaced by a
constant phase angle element CPE, which is
expressed as C; = K(jw) g. The size of can
be used to represent the size of C;, and the
index ¢ denotes the degree of flattening of
the high-frequency semicircle.

(8) R,, is the resistance of electrons in a
C-S-H hydrated gel for carrying out a
charge reaction, reflecting the charac-
teristics of the activation process. The unit
is Q- cm2.

(4) Diffusion impedance Z,, (Z, = o(jo)”
172 6is diffusion impedance coefficient) re-
flects the characteristics of the diffusion
process and is replaced by a constant phase
angle element (CPE) in the quasi-Randles
equivalent circuit, which is expressed as Zj,
= Qo) p (0 <p <1). The diffusion imped-
ance coefficient o(KQ-S71/2) can still be
used to describe the resistance of concrete
pore solution ions to diffusion in a porous
medium. The constant phase angle index p
is related to the pore structure charac-
teristics of the cement paste in concrete,
which reflects the subtle changes of the
pore structure of concrete. The fractal di-
mension d indicates the complexity and
compactness of the characteristics of the
pore structure. The relationship between the
constant phase angle index p and the fractal
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(b) The Nyquist plot of quasi Randle circuit

dimension d is d =4 — p. The larger the
constant phase angle index p, the smaller
the fractal dimension d, and the closer the
structure to the dense three-dimensional
system. Therefore, the constant phase angle
index p can also be used to express the
complexity and compactness of concrete
pore structure [8-11].

2.2 Specimen preparation and testing

Ordinary Portland cement PO42.5r pro-
duced by Dalian Xiaoyetian Cement Co.,
Ltd. was used as cement. As a fine aggre-
gate, high-quality river sand was used, be-
longing to the II gradation zone with a fine-
ness modulus of 2.5. High quality crushed
limestone of continuous gradation was used
as a coarse aggregate. In nanoscale slag, an
ultrafine mineral powder ground for
100 minutes, with a specific surface area
more than 550 m/kg and an average parti-
cle size of less than 90 nm was used. The
nanosized fly ash ground for 60 minutes
had a specific surface area over 550 m2/kg
and an average particle size of less than
90 nm. Water was distilled water. The mix-
ing ratio of concrete specimens is shown in
Table 1. In the table, C1 is concrete without
mineral admixture (ordinary concrete), F1 ~
F4 are concrete with different content of
ultra-fine fly ash, K1 ~ K4 are concrete
with different ultra-fine slag admixture,
and KF1 ~ KF4 are concrete with ultra-fine
slag and fly ash at the same time.

Six concrete cubic specimens
(100 mmx100 mmx100 mm) with a water-
gel ratio of 0.5 and different ultra-fine
mineral additives were prepared. The speci-
mens were cured in a standard curing room
for 28 days. After that, two opposite sides
of the specimen were coated with epoxy
resin for sealing. The rest of the opposite
sides were kept as working faces. From the
numbered samples, 3 concrete samples were

Functional materials, 30, 1, 2023
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Table 1. Mixing proportion of concrete

Number |Water-gel Gel Gel material percent Water, Sand, Broken
ratio | material |Cement, %|fly ash, % | Slag, % kg/m? kg/m3 stone,
content, kg/m3

kg/m?
C1 0.5 445 100 0 0 222 222 1157
K1 0.5 445 90 0 10 222 222 1157
K2 0.5 445 80 0 20 222 222 1157
K3 0.5 445 70 0 30 222 222 1157
K4 0.5 445 60 0 40 222 222 1157
F1 0.5 445 90 10 0 222 222 1157
F2 0.5 445 80 20 0 222 222 1157
F3 0.5 445 70 30 0 222 222 1157
F4 0.5 445 60 40 0 222 222 1157
KF1 0.5 445 60 10 30 222 222 1157
KF2 0.5 445 60 20 20 222 222 1157
KF3 0.5 445 60 10 30 222 222 1157

taken and immersed in a NaCl solution with
a concentration of 3.25 %. Attention
should be paid to the contact of the working
face with salt water. The remaining con-
crete specimens were immersed in fresh
water (tap water), and the working face was
in contact with fresh water. The EIS of
specimens with different immersion time
(0d, 7d, 14d, 21d, 28d, 60d, 90d and 150d)
were measured on an RST electrochemical
workstation produced by Zhengzhong
Shiruisi Science and Technology Instrument
Co., Ltd. The experimental data were ana-
lyzed and processed by ZsimpWin and Ori-
gin software, and the impedance parameters
of meso-structure characteristics of concrete
with mineral admixture under different im-
mersion conditions were obtained, namely

R,, R, C4, q, ¢ and p.
3 Results and discussion

3.1 Analysis of impedance parameters of
concrete with nanoscale ultra-fine fly ash

(1) Parameter Rs

R, is the resistance of electrolyte in a
concrete pore solution, which is inversely
proportional to the total number of ions in
the pore solution and the total porosity of
concrete. In the pore solution of ordinary
concrete and concrete with ultra-fine min-
eral additives under non-immersion condi-
tions, the main ions are OH™!, K* and so on,
and the concentration of ions in the pore
solution remains stable at an early stage of
sample formation. It can be seen from
Fig. 8a that for concrete with the same
mixing ratio, the resistance R, of an elec-
trolyte in the pore solution of the cement

Functional materials, 30, 1, 2023

paste immersed in saline water is less than
that of the test block immersed in fresh
water. With an increase in the immersion
time, this difference becomes larger. This is
due to the fact that for the concrete speci-
men immersed in saline water, chloride ions
diffuse into concrete, and there are not only
OH~' and K* ions in the pore solution but
also diffused CI-'. Therefore, the total
amount of ions in the pore solution of con-
crete immersed in saline water increases.
For the specimen immersed in fresh water,
the ingress of water does not increase the
amount of ions in the porous solution.
Therefore, the resistance R, of electrolyte in
the pore solution of the concrete cement
paste immersed in saline water is less than
the resistance of concrete immersed in fresh
water. With an increase in the immersion
time, the amount of chloride ions diffused
into the solution increases, and the differ-
ence in the resistance R, of the electrolyte
in the solution increases. As can be seen
from Fig. 3a, for the concrete specimen im-
mersed in fresh water or saline water, with
an increase in the immersion time and the
content of ultra-fine fly ash, the resistance
of the electrolyte in the concrete pore solu-
tion increases. This is due to the fact that
under conditions of the same quality of the
gel material, the ultra-fine fly ash has a
larger specific surface area, larger material
activity and a smaller particle size, which
can play the role a filler and compaction
and reduce the porosity of concrete. With
an increase in the content of the ultra-fine
fly ash additive, the filling and compaction
effects are more obvious, and the R, value
is larger.
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Fig. 3. Electrochemical parameters of concrete with nano level fly ash.

(2) Parameter R,

The parameter R, is the resistance of
free electrons of the C-S—H gel to charge
transfer. From Fig. 8b, it can be seen that
for the test specimens with the same
amount of ultra-fine fly ash, the resistance
of the specimen immersed in saline water is
significantly less than that of the specimen
immersed in fresh water, indicating that
the chloride ions in saline water diffused
into the C-S—-H gel increase the number of
ions in the C-S-H gel, reduces resistance to
charge transfer by hydration electrons, and
changes the electrical properties of the C-
S-H gel. At the same time, from Fig. 8b, it
can be seen that for the concrete specimens
under the same conditions, the value of R,
increases with an increase in the content of
ultra-fine fly ash, indicating that ultra-fine
fly ash in the test specimen undergoes a
secondary hydration reaction, and more C—
S—-H gel is formed, which reduces the poros-

ity of the concrete.
(8) Parameter C,
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The value C; is the capacitance of the
C-S-H gel in concrete. In this paper, K and
q are used to characterize the capacitance of
a double electric layer. From Fig. 3¢, it can
be seen that for the specimens with the
same ultra-fine fly ash content, the K value
of the specimen immersed in saline water is
greater than that of the specimen immersed
in fresh water. This is because the chloride
ions in the saline water diffuse into the
C-S-H gel, increasing the ion concentration
of the C-S—H gel, thereby increasing the
capacitance of the C—S—H gel. It can also be
seen from Fig. 3c that under the same im-
mersion conditions, the K value of concrete
with ultrafine fly ash is not much different
from that of conventional concrete, and the
amplitude of K change is not obvious with
increasing immersion time, indicating that
the addition of fly ash has little effect on
the electrical properties of the C-S-H gel.
After curing and forming the test specimen,
the internal structure of the concrete is
gradually compacted. The constant phase
angle index g of ordinary concrete is close
to 1. The study shows that the internal

Functional materials, 30, 1, 2023
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Table 2. CPE index p of concrete with different nano-level fly ash

D C1 F1 F2 F3 F4

Fresh Saline Fresh Saline Fresh Saline Fresh Saline Fresh Saline

water water water water water water water water water water
0 0.80 0.80 0.81 0.81 0.83 0.83 0.85 0.85 0.85 0.85
7 0.83 0.79 0.82 0.81 0.84 0.83 0.84 0.83 0.85 0.84
14 0.86 0.82 0.85 0.82 0.82 0.84 0.85 0.84 0.84 0.82
28 0.85 0.83 0.87 0.83 0.85 0.84 0.86 0.85 0.88 0.84
60 0.86 0.85 0.88 0.85 0.86 0.84 0.86 0.85 0.88 0.84

structure of concrete with ultrafine fly ash
is denser than for ordinary concrete, and
the constant phase angle index ¢ is closer to
1. If the numerical difference in the ¢ index
is very small, the influence of the C-S-H
gel on capacitance is very limited; so the ¢
index can approach that of the constant
phase angle of concrete, ¢ = 1.

(4) Diffusion impedance coefficient ¢

The diffusion impedance coefficient o
represents the resistance to diffusion of
ions in the porous medium of the hardened
cement paste; this is due to the concentra-
tion of ions and the characteristics of the
porous structure of the concrete porous so-
lution. From Fig. 3d, it can be seen that for
the specimen with ultra-fine fly ash, the o
value of the specimen immersed in saline
water is less than that of the specimen im-
mersed in fresh water. This is because chlo-
ride ions in saline water diffuse into the
pore solution of concrete, increase the ion
concentration of the pore solution of con-
crete, thereby reducing the diffusion imped-
ance coefficient 6. It can also be seen from
Fig. 3d that under the same immersion con-
ditions, the diffusion impedance coefficient
o increases gradually with increasing im-
mersion time and the content of ultra-fine
fly ash; this indicates that the filling effect
and compaction effect of ultra-fine fly ash
reduce the porosity of the concrete, and
then increase the diffusion impedance coef-
ficient o©.

The constant phase angle index p and
fractal dimension d satisfy the relation d =
4 — p in numerical value, therefore, can be
used to describe the pore structure charac-
teristics of concrete. The larger p is, the
closer the pore structure of concrete is to
the dense three-dimensional system. The
denser the structure is, the more difficult
the diffusion of ions. From Table 2, it can
be seen that with the same amount of ultra-
fine fly ash, the constant phase angle index
of concrete does not differ significantly in
salt and fresh water, which indicates that

Functional materials, 30, 1, 2023

the chloride ion does not have a clear effect
on the pore structure of concrete. The con-
stant phase angle index p of concrete with
ultra-fine fly ash is larger than that of or-
dinary concrete, which indicates that the
concrete with ultra-fine fly ash has a denser
structure.

3.2 Analysis of the impedance parameter
for concrete with nanoscale ultra-fine slag

(1) Parameters R, and ©

From Fig. 4a and Fig. 4d, it can be seen
that for the concrete with the same ultra-
fine slag, the impedance parameters R, and
o of the slag concrete immersed in saline
water are less than those of the same con-
crete immersed in fresh water, and the vari-
ation law is the same as that for concrete
with ultra-fine fly ash. The results show
that for the specimen immersed in saline
water, chloride ions diffuse into the pore
solution of slag concrete, increasing the
total amount of ions in the pore solution,
thus reducing the impedance parameters of
the slag concrete. It can also be seen from
Figs. 4a and 4 d that for slag concrete
under the same immersion conditions, the
impedance parameters increase with immer-
sion time and ultrafine slag content, indi-
cating that the ultrafine slag has a filling
and compacting effect and reduces the po-
rosity of the concrete.

From Table 8, it can be seen that the
constant phase angle index p of concrete
with the same ultra-fine slag content in sa-
line water and fresh water is the same. Ac-
cording to the relationship d =4 —p be-
tween the constant phase angle index p and
fractal dimension d, it can be judged that
chloride ions diffuse into slag concrete,
which has no obvious effect on pore struc-
ture characteristics of the slag concrete, but
only increases the ion concentration in the
concrete. At the same time, the constant
phase angle index p of slag concrete is
larger than that of ordinary concrete, which
indicates that ultra-fine slag concrete has a
more compact structure.
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Table 3. CPE index p of concrete with different contents of nano-level slag

d Cl K1 K2 K3 K4
Fresh Saline Fresh Saline Fresh Saline Fresh Saline Fresh Saline
water water water water water water water water water water

0 0.82 0.82 0.83 0.81 0.83 0.81 0.85 0.85 0.85 0.85

7 0.83 0.83 0.84 0.83 0.84 0.83 0.81 0.83 0.85 0.86

14 0.86 0.85 0.85 0.86 0.84 0.86 0.86 0.84 0.83 0.83

28 0.85 0.83 0.87 0.85 0.85 0.84 0.86 0.85 0.88 0.87

60 0.85 0.86 0.87 0.86 0.88 0.87 0.89 0.91 0.91 0.90
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Fig. 4. Electrochemical parameters of concrete with nano-level slag.

(2) Parameters R,, and K

It can be seen from Fig. 4b and Fig. 4c
that for the concrete specimen with the
same mixing ratio, the impedance parame-
ter R, of the specimen immersed in fresh
water is greater than that of the specimen
immersed in saline water, and the imped-
ance parameter K of the specimen immersed
in fresh water is smaller than that of the
specimen in saline water. The reason is that
for the specimen immersed in saline water,
chloride ions diffusing into the C-S—-H gel
increase the number and variety of free ions

100

in the C-S—-H gel; thus, the resistance R, of
hydrated electrons to the charge transfer is
reduced and the capacitance electricity of
C-S-H gel increases. It can be seen that
chloride ions diffuse into the C-S-H gel of
slag concrete and changes the electrical
properties of the C-S—-H gel.

Fig. 4b and Fig. 4c also show the changes
of impedance parameters R, and K of con-
crete with different ultra-fine slag content
in the same soaking environment. It can be
seen that the impedance parameter R, in-
creases with increasing slag content, which
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Fig. 5. Electrochemical parameters of composite concrete at different soak periods.

indicates that the slag content affects the
pore structure of concrete and reduces the
porosity of the concrete. The impedance pa-
rameter K does not change significantly
with the slag content, which indicates that
the addition of ultra-fine slag has little ef-
fect on the electrical properties of concrete
C-S—H gel.

3.3 Analysis of impedance parameters of
composite concrete with nanoscale ultra-fine
slag/fly ash

(1) Parameters R, and ©

Fig. 5a and Fig. 5d show the R, and ©
values of ultra-fine slag/fly ash composite
concrete immersed in fresh water and saline
water (the total content of ultrafine slag
and fly ash is the same as in concrete mixed
only with ultrafine slag and only fly ash).
As can be seen from the figure, for the
concrete specimens with the same ultra-fine
slag/fly ash content, the impedance parame-
ters R, and 6 of the specimens immersed in
saline water are smaller than those of speci-
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mens immersed in fresh water. This is be-
cause for the specimen immersed in saline
water, chloride ions diffuse into the pore
solution of the composite concrete; as a re-
sult, the species and concentration of ions
increase in the pore solution, and the diffu-
sion of ions in the pore structure decreases.
It can also be seen from Fig. 5a and Fig. 5d
that in the same immersion environment,
the impedance parameters R, and ¢ of the
composite concrete gradually increase with
increasing immersion time and slag content.
Their numerical values are obviously larger
than those of ordinary concrete, and are
also larger than those of the concrete with
only fly ash in the same amount and the
concrete with only slag in the same amount
in Fig. 3a,d and Fig. 4a,d. This shows that
the micro-structure of ultra-fine slag/fly
ash composite concrete is more compact and
the porosity and average pore diameter are
smaller than those of concrete with only
ultra-fine fly ash in the same amount and
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Table 4. CPE index p of composite concrete in salt water

d C1 KF1 KF2 KF3

Fresh Saline Fresh Saline Fresh Saline Fresh Saline

water water water water water water water water
0 0.82 0.82 0.84 0.85 0.84 0.83 0.82 0.81
7 0.84 0.86 0.88 0.83 0.85 0.84 0.86 0.83
14 0.85 0.85 0.86 0.86 0.87 0.86 0.85 0.86
28 0.85 0.85 0.89 0.88 0.88 0.87 0.86 0.87
60 0.86 0.87 0.89 0.91 0.88 0.90 0.89 0.90

concrete with only the ultra-fine slag in the
same amount.

From Table 4, it can be seen that the
constant phase angle index p of composite
concrete with the same content of additives
when immersed in saline water and fresh
water differs little, which indicates that
chloride ion diffusion only increases the ion
concentration inside the composite concrete,
and does not have a noticeable effect on the
characteristics of the porous structure of
the composite concrete. At the same time,
the constant phase angle index p of the
composite concrete is larger than that of
ordinary concrete, and also larger than that
of concrete with only ash in the same
amount and concrete with only slag in the
same amount (Table 2 and Table 3). It
shows that the micro-structure of the ultra-
fine slag/fly ash composite concrete is
closer to a dense three-dimensional system
than that of concrete with only fly ash in
the same amount and concrete with only
slag in the same amount.

(2) Parameters R,, and ©

Fig. 5b and Fig. 5¢ show the parameters
R, and K of slag/fly ash composite concrete
with different immersion time in fresh
water and saline water. It can be seen from
the figure that under the same mixing
ratio, the impedance parameter R, of the
composite concrete specimen immersed in
saline water is smaller than that of the
specimen immersed in fresh water; while
the impedance parameter K is larger than
that of the specimen immersed in fresh
water, indicating that chloride ion diffusing
into the C-S-H gel of the composite con-
crete increase the ion concentration in the
gel and change the electrical properties of
the C-S-H gel. Under the same immersion
conditions, the impedance parameter R, of
the composite concrete is larger than that
of ordinary concrete, and also larger than
that of concrete with only fly ash in the
same amount and concrete with only slag in
the same amount (Fig. 8b and Fig.4 b; this
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indicates that the structure of the compos-
ite concrete is more compact with the same
amount of the additive.

4 Conclusions

In this paper, the EISs of concrete with
nanoscale mineral additives of ultra-fine
slag and the ultra-fine fly ash when im-
mersed in fresh water and saline water were
studied, and the following conclusions are
drawn:

(1) For the concrete with the same nanos-
cale ultra-fine mineral additive, the electro-
lyte resistance R, the resistance R, of
charge transfer of electrons during hydra-
tion, and the diffusion impedance coeffi-
cient of the specimens immersed in saline
water are all smaller than those of the
specimens immersed in fresh water. The
double electric layer capacitance Cy is larger
than that of the specimen immersed in fresh
water, and the constant phase angle index p
is basically the same, indicating that in the
presence of chloride ions, the resistance of
concrete decreases, the ion and free charge
transfer in pore structure is easier, and the
electrical activity of concrete is greater. If
there are reinforcing bars in concrete, the
risk of corrosion of the reinforcing bars is
increased.

(2) Under the same immersion condi-
tions, with an increase in the nanoscale
mineral additive content, the electrolyte re-
sistance R,, the resistance Ry of charge
transfer of electrons during hydration reac-
tion and the diffusion impedance coefficient
o in the concrete pore solution gradually
increase, while the double electric layer ca-
pacitance C; remains unchanged, indicating
that compared with ordinary concrete, the
concrete with nanoscale ultra-fine mineral
additives has lower porosity and higher
compactness.

(3) The porosity and average pore diame-
ter of the composite concrete with both
nanoscale ultra-fine slag and fly ash are
smaller and the concrete is denser than the

Functional materials, 30, 1, 2023



Yuxia Liang et al. / Electrochemical impedance ...

concrete only with ultra-fine slag or the
ultra-fine fly ash in the same content.
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