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Abstract A quantitative characterization of the cap-
illary porosity of cement pastes has been performed
in the context of corrosion of aluminium alloy 1100
in contact with Portland cement pastes. The original-
ity of the study is to combine an electrical equivalent
circuit model identified based on electrochemical
impedance spectroscopy (EIS) data and a two-phase
model derived from the general effective media
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theory (GEM). The effective resistance of the cement
paste entering the GEM is approximated by the resist-
ance of connected capillary pores as provided by the
EIS analysis to determine the evolving porosity of
cement pastes. Mercury intrusion porosimetry data
agree with the porosity results obtained from EIS.
The porosity in the 0.36 OPC is reduced from~15%
to below 10% over the first 30 days and then keeps
decreasing slowly, while the porosity of the 0.36
OPC+3% LiNO; samples slightly decreases at the
beginning and finally remains constant at~10%.
For the 0.50 OPC+1.607% Li,CO; composition,
the porosity decreases from~25% to~15% over the
first 30 days. The influence of the curing conditions
is also studied to extract the impact on the porosity.
Besides, the diffusion of corrosion products is lim-
ited to a small region near the interface and hence the
corrosion process does not affect the porosity of the
cement paste.

Keywords Portland cement paste - Capillary pores -
Porosity - Electrochemical impedance spectroscopy -
General effective media - Mercury intrusion
porosimetry

1 Introduction
The corrosion behaviour of metals in cementitious

materials is significantly influenced by the behaviour
of the cementitious matrix. Andrade et al. [1] reported
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that the internal moisture content of chloride con-
taining concretes controls the corrosion rate of steel
inside the concrete matrix. The pH of cementitious
materials also directly influences the electrochemi-
cal kinetics of metallic corrosion. For instance, steels
are usually passivated in cementitious materials with
high pH [2], while active metals, such as aluminium,
have a high corrosion rate [3] in a highly alkaline
cementitious environment. Caes et al. [4] also found
that the corrosion rate of aluminium increases in
cement pastes involving larger porosity.

Indeed, hardened cement paste contains a large
number of pores, which play an important role in the
mechanical and transport properties. Changes of the
pore structure significantly influence the mechani-
cal properties such as hardness [5], Young’s modu-
lus [6] and compressive strength [7]. Literature also
shows that transport properties, including diffusion
[6, 8] and permeation [9], are related to porosity, pore
size, connectivity, and tortuosity of cement pastes.
Because of the significant impacts on the properties,
pores are usually an important factor for understand-
ing metallic corrosion in cement pastes.

According to the size of the pores, a classifica-
tion is made into two categories: gel pores smaller
than 10 nm and capillary pores with size between
10 nm and 10 pm [10]. The gel pores are inner
pores within the structure of hydration products
such as C-S-H, CH, AF, (Al,03-Fe,O5-tri) and AF
(Al,0;3-Fe,05-mono). These pores are normally
regarded as part of the hydration products [11]. Capil-
lary pores are the remnant of water-filled space ini-
tially present [12], whose volume fraction decreases
with increase of hydration degree [13]. In this study,
only capillary pores are considered because of their
dominant role in transport mechanisms at micro-scale
[14].

Electrochemical impedance spectroscopy (EIS) is
a high performance technique to monitor microstruc-
ture evolution in cement pastes [15]. The frequency
region above 1 kHz of the impedance spectrum
of cement pastes correlates to a series of material
properties such as the conductivity [16], compres-
sive strength [17] and dielectric constant [18]. These
properties are all linked to the volume fraction,
size, shape and distribution of the pores in cement
pastes. A series of electrical equivalent circuit mod-
els were proposed in the literature [19] based on the
physical microstructure to quantitatively analyse the

impedance spectrum of cement-based materials.
Besides, because EIS measurements do not need to
move the cement paste from the curing environment,
it is considered to be an in situ technique.

In terms of electrical conductivity, the cement
paste system can be roughly considered as a two-
phase system with one solid-gel phase and one cap-
illary pore phase [20-22]. Hydration products of the
cement paste include C-S-H gel, CH, and other minor
phases. The gel pores in the C-S-H gel are filled with
physically adsorbed water, which could provide a cer-
tain level of conductivity. Other hydration products
and unhydrated cement grains are normally regarded
as insulators. Thus, the solid-gel phase is regarded as
the low-conductivity phase. The pore solution inside
the capillary pore phase contains ionic species such
as OH",K*, Na*, Ca®* and SO}~ [23], which domi-
nate the charge transport process [24]. Normally, the
conductivity of the solid-gel phase is much lower than
the one of the capillary pore phase. Hence, the capil-
lary pore phase is considered as the high-conductivity
phase.

For a randomly distributed two-phase composite
such as a cement paste, the General Effective Media
(GEM) theory provides a theoretical basis to establish
a physical correlation between porosity and electrical
conductivity [25]. Thus, the electrical conductivity
must be first experimentally measured to determine
the porosity of cement-based materials through GEM
approach [21, 22]. This determination usually uses
AC impedance spectroscopy with a contact between
cement-based materials and electrodes.

In a previous study [26], the inhibition ability of
LiNO; and Li,CO; on the corrosion of aluminium
alloy 1100 in direct contact with Portland cement
pastes was investigated using EIS, amongst other
techniques. However, in addition to the information
about the metal corrosion, the equivalent circuit, used
to fit the EIS data, allows to gain information about
the cement paste matrix, such as the resistance of
connected capillary pores, without using any destruc-
tive method. Therefore, in this study, we propose the
novel idea to estimate the electrical conductivity of
the cement paste from the resistance of connected
capillary pores. Consequently, the capillary poros-
ity of Portland cement pastes can be quantitatively
determined in parallel to the aluminium corrosion by
linking the resistance of connected capillary pores
(an equivalent circuit parameter) determined from
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Table 1 Chemical Composition SO; Cl  NaEq SiO, ALO, Fe,0; CaO Na,0 K,0 MgO Others
composition of the cement h h >

wt.% 2.60 0.04 0.66 213 52 33 63.1 033 050 2.19 0.78

Table 2 Types of cement pastes

water/cement ratio addition
OPC 0.36
OPC+LiNO; 0.36 3wt.%
OPC +Li,CO,4 0.50 1.607 wt.%

EIS fitting with the GEM theory. The influence of the
corrosion on the cement paste porosity can therefore
also be studied. Mercury intrusion porosimetry (MIP)
measurements are then performed to examine the
reliability of the porosity results obtained from this
methodology.

2 Experimental procedures
2.1 Materials and sample preparation

The aluminium alloy 1100 used in the research has a
chemical composition of a minimum of 99.0% Al and
1.0% Si+Fe. Specimens were cut into two different
dimensions: larger Al plates (30 X 30 X 1 mm3) were
used for EIS measurements, while smaller Al plates
(15 x 15 x 1 mm3) were used in MIP specimens. A
two-electrode configuration was adopted to measure
the cement paste between two plates for EIS meas-
urements, while the smaller aluminium plate was
placed in the centre of MIP specimens. The speci-
mens for the electrochemical measurements and MIP

Fig. 1 Schematics of EIS
a, MIP b and pore solution

¢ specimens Al electrode

(a)

Al electrode
A

characterisation were prepared with Portland cement
as described in the previous corrosion study [26]. In
terms of the collection of cement paste pore solution,
a series of pure cement paste samples was processed
out of the same 40x40x40 mm’ cubic geometry.
Note that all these manipulations were performed
in an Ar atmosphere glove box to create an anaero-
bic system. The chemical composition of Portland
cement (CEM I 52,5 N class according to EN 197-1)
is provided in Table 1. In this research, three different
Portland cement pastes were investigated as listed in
Table 2.

Figure 1 provides schematics of the three different
setups used in this study. The first one (EIS setup) is
used for the EIS measurements of the studied system.
The MIP setup is used to collect cement paste speci-
mens for porosity analysis by MIP (the aluminium
plate inside was used for the SEM observation in the
previous corrosion study [26]). Finally, the pore solu-
tion setup was produced to extract pore solution to
gain information about the pore solution conductivity
(see Section 4.3).

Two curing conditions were used for the cement
pastes (as also previously reported in the corrosion
study [26] and addressed in Section 1 of the supple-
mentary material). The samples in condition 1 were
cured in a humid Ar environment until being trans-
ferred into saturated Ca(OH), solution after~80 days
(i.e. when the corrosion of Al slows down and reaches
a steady state [26]). The samples in condition 2 were
immersed in a saturated Ca(OH), solution during the

Cement paste

R
\ e
Al plate
=
| —
(b) (c)
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whole experiment period. For electrochemical meas-
urements, three repetitive samples per condition were
used in order to guarantee the result repeatability. For
MIP measurements, one sample was prepared at each
selected time point to study the porosity variation
with time. For pore solution collection, three samples
were produced for each time point in order to collect
enough amount of solution for the conductivity and
pH measurements.

2.2 Characterisation methods

EIS measurements were done over a frequency range
from 1 MHz to 10 mHz at the open circuit potential
with a 10 mV amplitude of the sinusoidal potential
signal. The quality of the EIS data was first exam-
ined experimentally by running the measurement first
in the descending frequency step direction, i.e. from
high (1 MHz) to low (10 mHz) frequencies, followed
by the measurement in the ascending direction, i.e.
from low to high frequencies, to confirm the stabil-
ity constraint of the system. Besides, the data quality
was also theoretically validated by using the Kram-
ers—Kronig (K-K) transforms to check the linearity,
causality and stability of the system. ‘Zview’ soft-
ware was used for analysing and fitting the spectra.
MIP experiments were executed using a PASCAL
140/440 porosimeter in which the mercury pressure is
linearly increased up to a maximum pressure of 200
MPa. To prepare dry samples with little microstruc-
tural damage for MIP tests, the cubic elements were
immediately immersed in diethyl ether for 24 h at
each selected time point. Then, the used ether solution
was replaced and the sample was immersed in fresh
ether for another 24 h. Finally, the sample was moved
into a vacuum chamber for 24 h to evaporate the ether
out of the sample. This immersion procedure into

(i):

cut into pieces with irregular shapes of approximately
1.5 g, taken from a corner of a specimen.

Because the conductivity of the cement pore solu-
tion needs to be known for the application of the
GEM theory, the cement pore solution was experi-
mentally collected from the cement paste samples. A
universal testing machine with corresponding acces-
sories (a plunger, a hollow steel tube and a pedes-
tal) was used to extract solution from the samples
(Part 2 in the supplementary material). The paste
sample was placed in the hollow tube, then the testing
machine imposed a compressive force up to 900 kN
on the plunger. The pore solution squeezed out from
the paste sample was collected in a ring-like reservoir
in the pedestal. A series of cement samples were pro-
duced and squeezed to collect cement pore solutions
during 120 days, followed by conductivity and pH
measurements (see Section 4.3).

3 General effective media

A methodology is proposed to determine the cement
paste porosity based on EIS results. The first step is
the construction of an appropriate model to relate the
electrical resistivity and the cement paste porosity.
Because of the complexity of cement paste as a com-
pound system, the model has to be simplified com-
pared to reality by retaining only the dominant micro
structural parameters, e.g. porosity and tortuosity.

General Effective Media (GEM) model, proposed
by McLachlan et al. [25], combines percolation and
EMT theories and puts forward a mathematical equa-
tion linking the electrical conductivity (= 1/resistiv-
ity) values with the microstructure parameters, given
by [25]:

ey

() +(52)][(2) -]

[(2)+ (52)][(2) -
[y 1|z

ether is applied in order to remove the water inside
the cement paste and hence to stop the corrosion pro-
cess and cement hydration. Afterwards, samples were

where ¢ is the volume fraction of the low-resistivity
phase, i.e. porosity, ¢, is the percolation threshold of
the capillary pores, ¢ is the critical exponent revealing
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the conductivity of the conducting regions in the
microstructures, o, is the conductivity of the capillary
pore phase, and o is the conductivity of the solid-gel
phase. These different parameters are discussed one
by one hereafter to explain how the identification is
performed based on literature data or on experimental
results.

Conductivity of the composite

D 0., >
Conductive material content

Fig. 2 Relationship between the effective conductivity and
porosity in cement pastes

3.1 Percolation threshold ¢,. of the capillary pores

The percolation threshold of the cementitious mate-
rial is the point at which the system is firstly inter-
connected by the capillary pores, i.e., the first appear-
ance of long-range connectivity. It can be seen in
Fig. 2 that the effective conductivity of the cement
paste increases significantly at around ¢, due to the
connection of individual pores. According to litera-
ture [13, 27, 28, 32], ¢, is independent of the water/
cement ratio. Garboczi et al. [29] studied the perco-
lation of the cement paste by modeling their studied
system with a three-dimensional digital image. When
a high resolution of 400°-pixels (0.25 pm/pixel) is
chosen, the threshold is 0.12, which corresponds with
the result obtained in the multi-scale model of Prabhu
et al. [30]. Besides, ¢, decreases in this model with
the increment of the digital resolution, meaning that
the smaller the pores taken into account, the smaller
the ¢.. Navi et al. [31] also found a similar relation-
ship between the percolation threshold and the reso-
Iution in their mathematical model. They reported
that in normal cement pastes, with a 10% total poros-
ity, more than 95% of capillary pores are connected
under a 2 pm/pixel resolution. Tumidajski et al. [32]
experimentally tested the porosity and the electrical

./.

Fig. 3 Variation of the con- 1+
ductivity of cement pastes ]
as a function of porosity as
determined by Tumidajski
et al. [32]
0.1 4 ¢
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resistivity of different cement pastes. Figure 3, drawn
according to their results, shows that the conductiv-
ity (1/resistivity) changes most significantly at around
10.4%, which fulfils the definition of the percolation
threshhold. Hence, ¢. = 0.104 was selected in the
present study.

3.2 Critical exponent ¢

The larger the ¢ value, the more tortuous the network,
or the rougher the surface of the conductor. Different
ranges of ¢ are reported in literature. Theoretical lat-
tice models are used to predict ¢ in an ideal 3D lattice
system providing a ¢ value equal to 2 [33]. McLachlan
et al. [25] and Isichenko [34] reported that ¢ ranges
between 1.4 and 2.46 for composites based on com-
putation simulations. Other researchers adopted =2
[21, 28]. In the present study, we retain the value t=2
for all cement pastes because it is most widely used
for the cementitious materials.

3.3 Conductivity of capillary pore phase o,

When the cement paste is fully saturated, the capil-
lary pores are entirely filled with pore solution and
o, is equal to the conductivity of the pore solution.
When the capillary pores are partly saturated, o, is
lower than the conductivity of the pore solution until
reaching zero when the capillary pores are dry. The
different saturation conditions are illustrated in Fig. 4.
The pore solution conductivity can be obtained
directly by extracting and measuring the pore solu-
tion from the cementitious materials. Buenfeld et al.
[35] reported that the pore solution resistivity is in
the range of 0.3-0.4 Q-m (i.e. 2.5-3.3 S/m for the o,

conductivity), with a small change over 4-20 weeks

Fig. 4 The different satura-
tion conditions of capillary
pores

(a) saturated

a,, = the conductivity of
the pore solution

niem

for OPC mortar of 0.4 and 0.6 water/cement ratios. In
this study, the conductivity of the pore solutions was
experimentally measured as addressed in Section 4.3
and was used for the value of 6,,. Note that the use of
the conductivity of the pore solution for ¢, leads to an
underestimation of the calculated porosity when the
pores are not fully saturated. It is as if only the space
occupied by the pore solution is taken into account,
while the empty pore space is regarded as part of the
solid-gel phase.

3.4 Conductivity of solid-gel phase o,

The conductivity o, for OPC pastes is difficult to be
directly measured. Zhang et al. [21] proposed that
the appropriate value of 6/6, ranges from 107 to
102 and chose a value of 0.0025 in their model.
Neithalath et al. [22] used o, = 0.0075 S/m, which
is close to the value in the study of Ma et al. [36].
Christensen et al. [37] reported that o, is estimated
as equal to (1-¢) X 1073 S/m. The work of Garboczi
et al. [28] estimated that o-S/ap varies continuously
between 0.001 and 0.0025. Oh et al. [27] deduced
the value of o/o, according to the relationship
between the effective diffusivity and the conductiv-
ity. They reported that the value of oo, is about
2.0x 107 for OPC pastes. In this study, o, will be
shown to be in the range from 7 to 16 S/m (see Sec-
tion 4.3) and hence o, should range from 0.00035 to
0.0008 S/m. In fact, it is very likely that o, slightly
fluctuates. On the one hand, many factors e.g. the
setting time, the composition and the curing con-
dition, can play a role, which lead to different o,
values. On the other hand, the main contribution
for the solid-gel phase conductivity should always
come from the C-S-H phase in all types of OPC

Capillary pore
>

\

\ Pore solution

"

(b) partly saturated (c) completely dry
a, < the conductivity of o,=0
the pore solution
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pastes, which means that the o, range is limited. In
this study, 0.0008 S/m has been selected as a fixed
o, value. In fact, o, and o, have a relatively low
influence on the porosity compared with ¢, ¢t and
o.- Trials on different values indicate that there is
just an insignificant effect on the porosity result no
matter 0.001 S/m, 0.0008 S/m or even 0.00035 S/m
is chosen.

3.5 Conductivity of overall cement paste 6,

The effective conductivity o,; is regarded as a
homogenized material property. The relationship
between the resistance and the conductivity is given

by Eq. (2):
K

O =
eff R
eff

@

where K is the cell constant and R, is the effec-
tive resistance of the system. The value of K is only
determined by the geometry of the electrochemical
cell and is fixed for a specific cell, irrespective of the
type of electrolyte. Hence, in order to determine the
K value, an impedance experiment was carried out
in saturated Ca(OH), solution using the same two-
electrode cells as the ones cast in the cement pastes.
EIS tests were then carried out in a frequency range

o after2d
~40000 o after7d
after 13 d
v after29d
-30000 4 after41d
+ >
e Frequency decreases
£ -20000 i
i —
o
N
vV
-10000 - FV VYV VG 1
v .74
V? 4X .7 %‘7
J;’% J..
0 __fm@' j |
T T T T
0 10000 20000 30000 40000 50001
Z'/ohmecm?

(a)

| Z | /ohmecm?

of 1 MHz to 10 mHz using a 10 mV peak-to-peak
AC potential signal. The impedance of the system in
the very high frequency domain fluctuates at around
100 Q and could be regarded as the R4 of the cell
in saturated Ca(OH), solution (see Part 3 in the sup-
plementary material). The conductivity o.; of the
saturated Ca(OH), test solution was experimentally
measured by a conductivity meter and was found to
be 1.03 S/m. Therefore, the K value was calculated to
be equal to 103 as determined by Eq. (2). Using R4
in saturated Ca(OH), solution and o.4 of saturated
Ca(OH), solution. Then R.; of the cement paste is
still needed to calculate o 4 of the cement paste. R 4
changes as a function of the pore content as shown in
Fig. 2 and will be provided by the fitting of the equiv-
alent circuit in Section 4.2.

4 Results and discussion
4.1 Impedance spectra

Three frequency domains can be distinguished in
the impedance spectra of pure OPC samples shown
in Fig. 5. The first semicircle in the high frequency
domain is related to the cement paste, while the arc
at the low-frequency limit reveals the response of the
interface between the aluminium and cement paste,

105 i T il ™ T o | o ™ -70
o after2d
o after7d &8 -60
after 13 d ;g,u
v after29d| 5o L -50
after 41 d| ™" o
& o
F-40 ©
S
10% 4 o)
+-30 g
(]
=
L-20 O
L-10
Lo
10° B e
10® 102 10" 10° 10" 10% 10° 10 10° 10° 107
Frequency/Hz
(b)

Fig. 5 Variation of Nyquist a and Bode plots b of AA1100 with time in pure OPC paste under condition 1
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including a corrosion product film. Another semi-
circle is observed in the medium frequency region
accounting for the impedance responses provided by
both the cement paste and the interface. The three
domains are also found when measuring samples
with the addition of LiNO; or Li,COj;: (i) in the high-
frequency domain, (ii) around the 1~10 Hz domain
and (iii) in the low-frequency domain, respectively.
Exceptionally, a fourth domain in the 1~10 kHz
range is observed in an OPC+Li,CO; sample. Simi-
lar explanations can be found in the literature regard-
ing the impedance plots in cementitous systems [16],
but a direct comparison might bring errors because
of the influential differences associated to the cement
paste composition, to the experimental set-up and to
the curing enviroment.

An example of the Nyquist impedance spectra
of the pure OPC sample in conditon 1 is provided
in Fig. 5. The sample changes as a function of time
with the following phenomena: (i) the water con-
tent of the cement paste decreases with ongoing
cement hydration, (ii) the thickness of the corrosion
product film monotonically increases and the corro-
sion rate of Al reduces fast at the beginning. Some
information are directly revealed in the impedance

Fig. 6 Electrical equivalent
circuit used to fit the EIS
spectra for the corrosion of
Al plate in cement pastes

spectra. For example, all these physical variations
mentioned above lead to the resistance increase of
the sample. Correspondingly, in the Bode plots as
shown in Fig. 5b, the absolute value of the imped-
ance increases monotonically as a function of time,
especially during the first 28 days of the test. After-
wards, the impedance increases with a lower rate. The
arc in the low-frequency domain, which corresponds
to the interfacial response, gradually overlaps with
the intermediate semicircle. This is attributed to the
overlapping of the time constants, which are situated
in the same frequency region. In terms of the imped-
ance plots of other samples, the same problem of
overlapping time constants brings difficulties to ana-
lyse impedance results only by visual observation of
the Nyquist and Bode plots. Hence, the fitting of the
impedance spectrum was needed to quantitatively
obtain more useful information.

4.2 Equivalent circuit model

The EIS spectrum was fitted using the electrical
equivalent circuit (EEC) presented in Fig. 6, which
has been previously utilised in a corrosion study [26],
for the quantitative analysis of the spectrum results.

Wire inductance &

Cement paste

uncompensated
resistance
> Y.
ol
path Al:ff: Cement
 paste
Disconnected S| &
pore path ' ]
' Corrosionrate !
Cement paste 5 Corrosion product film g
porosity

niem
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The EEC was constructed based on the physical struc-
ture of the cell and consists of three different parts.

The first part consists of an inductor (L;) and a
resistor (R,) placed in series. L; represents the induct-
ance of the external wires. R, is the overall uncom-
pensated resistance including the resistance of the
aluminium plate, Al rods, the connecting cables and
the pore solution in the crevices or macro holes of
the cementitious matrix. L, and R, are used or not
depending on the quality of the fitting result. Please
note that this selection has negligible impact on the
other parts of the circuit.

The second section of the circuit is composed of
three parallel branches, which describe the electro-
chemical responses of the cement paste between both
working and counter electrodes. CPE_, corresponds
to the capacitance properties of the solid phase of the
cement paste; R, represents the resistance related
to the ionic conduction provided by the connected
capillary pores; the branch composed of a resistor
(R.emy) and a Warburg element (W,_..,) describes
the charge transport processes inside the discon-
nected capillary pores and the solid phase between
these disconnected pores. The construction of this
model was based on the work of Marriaga et al. [38]

and discussed in the previous research [26] (see also
Part 4 of the supplementary material). Consider-
ing the significant conductivity difference between
the solid-gel phase and the pore solution (see Sec-
tion 3.4), the contribution of the solid phase path
and of the disconnected pore path could be negligi-
ble when determining the effective resistance of the
cement paste under a direct current state. In other
words, the effective resistance of the cement paste
mainly depends on the resistance of the connected
capillary pores. Consequently, the effective resistance
of the cement paste, R4 (its definition is provided in
Section 3.5), can be approximated by R_.,;-

The third part of the EEC has been used to study
the corrosion of aluminium alloy 1100 in contact with
Portland cement pastes [26]. It describes the electro-
chemical responses of the cement paste / corrosion
product film / aluminium interface. R, and CPE; (C;if
the ‘n’ value of CPEis equal to 1 in the fit) account
for the resistance and the capacitance properties of
the corrosion product film, respectively. C, represents
the double layer capacitance. R, is the charge transfer
resistance, which reveals the difficulty encountered
when an electron is shifted on the interface.

Fig. 7 Variation of the 18 +
coﬁductivity of cement pore transferred to the Ca(OH),
solution as a function time o solution
for different conditions with 16 4 .___‘___—————“‘57'_‘ ’
or without inhibitors 1 -
14
_ e
€ 124 -
@ -0
210 4=
= | "
B B
D = S S
S 64
o | —m— OPC C1
4 ----OPC C2
] —e— OPC+LINO; C1
--(-- OPC+LINO; C2
27 OPC+Li,CO, C1
OPC+Li,CO, C2
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4.3 The conductivity and pH of pore solution

Once the cement pore solution was collected by the
squeezing method, the conductivity and pH val-
ues were measured by conductivity and pH meters,
respectively. The results of the conductivity meas-
urements of the squeezed cement pore solutions are
given in Fig. 7. One solution sample was collected for
each type of cement paste at each time point. Gener-
ally, the pore solution conductivity of each cement
paste is almost constant in a specific curing condi-
tion. Note that the data for the 0.36 w/c OPC cement
paste specimens, tested in condition 1 and without
the addition of lithium salts, are missing after 4 days
because no pore solution could be collected out of the
specimens. This is due to the fact that the low water/
cement ratio equal to 0.36 is the minimum ratio for
full hydration of cement grains, causing the lack of
residual water inside the cement paste [39, 40]. How-
ever, no problem occurred for OPC +LiNO; samples
with the same w/c ratio. Some studies [41] reported
that the Li ions can be incorporated into the C-S-H
at the early stages of the hydration through the occu-
pation of calcium sites in the C—S—H-like structure.
This absorption may contribute to a decrease of the
interlayer water or of the physically adsorbed water
in C-S-H and hence can rise the water level in capil-
lary pores. Further researches are needed to confirm
this hypothesis. The conductivity values of pore solu-
tion for all samples in condition 2 remain relatively
constant over time. For samples cured in condition
1, the conductivity values are almost stable (a small
increase can be seen at the beginning) until they
significantly decrease towards values close to those
measured for samples cured in condition 2 after the
immersion of samples in saturated Ca(OH), solution.
Besides, it can be clearly seen that the addition of lith-
ium salts increases the conductivity. The conductivity
decreases in the following order: [OPC+LiNO;]> [
OPC +Li,CO;]>OPC. This trend is found for both
conditions. Furthermore, the conductivity in condi-
tion 2 is lower than that in condition 1. This is caused
by the higher availability of water in condition 2
(compared to condition 1) resulting in a stronger dilu-
tion of the ion concentrations and consequently in a
reduction of the conductivity. Indeed, the specimens
in condition 2 are immersed in the saturated Ca(OH),
solution. Therefore, Ca(OH), solution can go through
the connected pores and dilute the pore solution,

decreasing the conductivity of the pore solution.
This was also reported that the curing environments
can change the chemistry of the pore solution [42,
43]. The conductivity value for each cement paste in
a specific curing condition is regarded as a constant
with ongoing cement hydration (see Table S1 in Sec-
tion 5 of the supplementary material) and is used for
the value of ¢, in the GEM model. This matches the
results in literature addressed in Sect. 3.3, in which
the conductivity value of cementitious materials is
stable with ongoing cement hydration.

Figure 8 illustrates the variation of pH of the pore
solution with time. The enhanced pH reported by
Diamond [44] when adding Li,COj; is not observed
in our results. By contrast, the addition of LiNO; and
Li,CO; seems to decrease the pH in comparison to
pure OPC systems without any lithium addition. In
general, all samples showed a high pH, above 12.

4.4 Comparison of porosity results

After having determined all the parameters of the
GEM model (see Sect. 3 and Sect. 4.3), the poros-
ity was estimated using Eq. (1). The porosity evolu-
tion of three types of cement pastes (Portland cement
pastes of a 0.36 water/cement ratio with/without the
addition of 3 wt.% LiNO; and Portland cement paste
of a 0.50 water/cement ratio with 1.607 wt.% Li,CO3)
in two kinds of curing conditions (in humid Ar and in
saturated Ca(OH), solution) was studied. These three
different pastes and two conditions were studied to
examine the reliability of the proposed methodology.
A comparison of the porosity determined by EIS
and MIP is shown in Fig. 9. For the 0.36 OPC speci-
mens in condition 1 (Fig. 9a), the tests are stopped
after 40 days because scatter in impedance plots
increases as a function of time [26], consequently
leading to the difficulties of obtaining reliable fitting
results and the failure of porosity determination after
40 days. This should be attributed to the accumula-
tion of corrosion products and the generation of H,
caused by the fast corrosion of Al, leading to cracks
and holes inside the corrosion product film and the
cement paste. These cracks and holes were found by
SEM already after 28 days (Fig. 10) and also at the
surface of the cement paste blocks after 133 days (see
Figure S9a in Sect. 6 of the supplementary material).
The porosity extracted from EIS decreases from
about 15% to around 8% over the first 15 days and
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remains constant afterwards. The porosity extracted
from the MIP measurements also declines during
the first 30 days, then remains constant and finally
decreases after 80 days. This second decrease is
likely linked to the transfer of the cement paste speci-
men into saturated Ca(OH), solution after 80 days of
testing with the precipitation of Ca(OH), probably
occluding the connected pores. From Fig. 9a, it is
also apparent that the porosity values obtained from
EIS are slightly lower than the values measured with
MIP. This is caused by the characteristics of the EIS
method, i.e. either the occlusion of pores by corro-
sion products or the unsaturation of pores because of
pore solution deficiency. First, the corrosion products
probably occlude the cement pores thereby decreas-
ing the porosity measured by EIS. Indeed, the dis-
tribution of the aluminium (Fig. 10), which mainly
comes from the corrosion products, indicates that
the corrosion products have the tendency of diffus-
ing towards the cement paste matrix as the Al content
decreases with increasing distance from the interface.
This occlusion could be especially severe when there
is no protection of a dense corrosion product film in
these 0.36 OPC samples (the corrosion products were
rapidly generated without the addition of lithium).

Time/day

However, the influence of the diffusion is limited in
a small district within a few tens of micrometres away
from the interface between the corrosion product film
and the cement paste, even if the corrosion in 0.36
OPC samples is fast. Moreover, the corrosion prod-
ucts can also incorporated into the solid phase of the
cement paste instead of directly occluding the pores.
For instance, the C-S-H gel is capable of partially
substituting Si by Al, forming C-A-S-H [45]. There-
fore, the diffusion of the corrosion products does not
seem to significantly impact the measurement of the
cement paste porosity. Another explanation is that the
porosity measured by EIS is related to the amount of
cement paste pore solution. In this research, the con-
ductivity of the pore solution was measured and was
used as the conductivity of capillary pore phase o, in
the GEM theory, which is only appropriate when the
capillary pores are entirely filled with pore solution as
shown in Fig. 4a. When the capillary pores are only
partly filled with pore solution (Fig. 4b), this approxi-
mation leads to an underestimation of the porosity.
The amount of pore solution is determined by numer-
ous factors, such as humidity and initial water/cement
ratio. In the hydration process, the rapid consumption
of the pore solution results in a lack of pore solution
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«Fig. 9 Variation of the porosity as a function of time meas-
ured by EIS and MIP of a 0.36 OPC samples in condition 1,
b 0.36 OPC samples in condition 2, ¢ 0.36 OPC+3% LiNO,
samples in condition 1, d 0.36 OPC+3% LiNO; samples in
condition 2, e 0.50 OPC + 1.607% Li,CO; samples in condition
1,£0.50 OPC +1.607% Li,CO; samples in condition 2

for filling in all capillary pores. Besides, the extra
water consumption caused by the corrosion process
probably intensifies this solution deficiency. Hence,
this pore solution deficiency could be the reason for
the porosity from EIS to be lower than that from MIP.
In condition 2 (Fig. 9b), only the porosity results
from MIP are shown because it was not possible
to obtain valuable information from the EIS meas-
urements since all samples breached soon after the
start of the tests (Figure S9b in Sect. 6 of the sup-
plementary material). Cui et al. [20] reported that
the porostiy values for OPC pastes of 0.3 and 0.4
water/cement ratios are 5.9% and 9.1% respectively
after a long hydration period (210 days), which is
similar to the results obtained by MIP in this study.
Figure 9c and d provide the porosity results
of 0.36 OPC+3% LiNO; samples obtained from
EIS and MIP measurements. The minor difference
observed between the porosities measured with EIS
and MIP probably means that 0.36 OPC+3% LiNO,
samples contain enough pore solution to fill all the
capillary pores even in a humid Ar atmosphere at the
beginning of the tests done in condition 1. This is
consistent with the fact that more pore solution could
be extracted from the 0.36 OPC+3% LiNO; samples
compared to the 0.36 OPC samples. As addressed in
Section 4.3, no pore solution was collected out of the
0.36 OPC samples after 4 days or later in condition
1, while enough solution was successfully collected
when 3% LiNO; was added to samples with the same
w/c ratio, proving the increase of the amount of pore
solution caused by LiNO; addition. In condition 1,
the porosity value of the 0.36 OPC +3% LiNO; sam-
ples slightly decreases during the first 20 days and
then keeps stable at around 10% until immersion of
the cement paste samples in saturated Ca(OH), solu-
tion. After the immersion, MIP shows that the poros-
ity increases instantly, which can be attributed to the
fast leaching of salts, i.e. LiNO;, inside the cement
paste into the solution, while it takes a longer time
to observe the same increase in EIS technique. This
retardation in EIS can be explained by the longer

diffusion path of salts in EIS samples (MIP measures
the porosity in the corner of a specimen, while EIS
measures the porosity in the middle of the cement
paste as explained in Sect. 2.1). In condition 2, the
porosity slightly decreases to about 10% at the begin-
ning followed by a long steady state measured until
the end of the test.

A comparison of the porosity results
obtained from EIS and MIP measurements for
0.50 OPC+1.607% Li,CO; are provided in
Fig. 9e and f. For samples in condition 1, the poros-
ity values measured from EIS and MIP follow the
same trend until immersion of the cement paste sam-
ples in saturated Ca(OH), solution on the 80th day.
However, the absolute values obtained from EIS are
clearly lower than that from MIP. Similar to the situ-
ation of 0.36 OPC samples in condition 1, this might
be caused by a lack of pore solution. After 80 days,
the porosity from EIS increases slightly and then
remains fairly the same as those obtained from MIP.
This increase is likely due to the fact that immersion
of the cement paste samples in saturated Ca(OH),
solution provided enough water to fill all the pores in
the cement paste, and hence higher porosity values
were measured. In condition 2, the results from EIS
and MIP are identical, showing that data obtained by
EIS can be efficiently used for the determination of
the cement porosity. In both conditions, the poros-
ity obtained from MIP drops from above 25% after 7
days to about 15% after 28 days. Boel et al. [46] stud-
ied the porosity variation of OPC pastes and reported
a porosity decrease from about 22% after 14 days to
about 16% after 3 months for the cement paste of 0.50
water/cement ratio. Hence, the addition of 1.607%
Li,CO; has little impact on the porosity variation.

Considering the influence of the corrosion prod-
ucts on the cement paste, if the corrosion products
would occlude a large fraction of the pores and effec-
tively decrease the total porosity, this would lead to
an enhancement of the strength of the cement paste.
However, the diffusion of corrosion products is found
to be limited to a narrow region near the interface and
cannot thus induce significant change of total poros-
ity. Now, the accumulation of corrosion products
increases the internal stress resulting in cracking of
the cement pastes. Therefore, the corrosion products
from Al are detrimental to the cement pastes.

niem
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Fig. 10 SEM and EDX line scan results of the Al element of
the cross-section of an OPC sample in condition 1 for 28 days

5 Conclusions

This paper describes the possibility to generate quan-
titative in situ information on the porosity of cement
paste by combining EIS with the General Effec-
tive Media (GEM) theory. The main findings of the
research are the following:

1. The pore solution conductivity of each cement
paste is almost constant in a specific curing con-
dition, which evidences that the conductivity
value only needs to be measured once. Mean-
while, the pH values of the pore solutions are
also measured and all samples show a high pH,
above 12.

2. The porosity results obtained from EIS and MIP
are in good agreement, proving the effective-
ness of the methodology. The porosity of the
0.36 OPC reduces fast from~15% to below 10%
and then keeps slowly decreasing. The poros-
ity of the 0.36 OPC+3% LiNO; composition
decreases slightly at the beginning and finally
reaches a steady state value of ~ 10%. For the 0.50
OPC+1.607% Li,CO;, the porosity significantly
decreases from a high level of~25% to~15%
over the first 30 days.

3. The corrosion products have the tendency of dif-
fusing towards the cement paste matrix, but the
diffusion is limited in a small district within a few
tens of micrometres away from the interface and
hence does not seem to influence the measure-
ment of the cement paste porosity.

4. The partly saturated pores lead to an underesti-
mation of the total porosity in this novel method-
ology. After more solution (i.e. the immersion of
samples in saturated Ca(OH), solution) was pro-
vided to fill all the pores in the cement paste, the
porosity values measured by EIS increase to the
level of MIP.

5. The addition of LiNOj; probably results in an
increase of the pore solution amount, providing
enough water to saturate the all the pores.

Besides the context of corrosion of aluminium
alloy 1100 in contact with Portland cement pastes, the
present work proves, that EIS can simultaneously pro-
vide in situ porosity information. This novel method-
ology can be applied to other problems including for
instance the carbonation of concretes, in which both
the corrosion of rebars and the porosity of concrete
need to be studied.
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