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Abstract

An equivalent circuit model for AC electrochemical impedance spectroscopy (EIS) of concrete has been proposed, which contains
parameters Rccp, the resistance of the continuously connected micro-pores in the concrete; Rcp, the resistance of the discontinuously
connected micro-pores, blocked by cement paste layers in the concrete; Cy,,, the capacitance across the concrete matrix; and Cpp, the
capacitance of the cement paste layers blocking the discontinuously connected micro-pores in the concrete. The proposed model can
successfully explain the experimental phenomena observed by other researchers, such as the emergence of the capacitive loops in high-
frequency range, the influences of hydration time, silica fume, water/cement ratio on the loops, etc. © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Microstructure of concrete is of considerable importance
because it governs the mechanical properties and durability
of the concrete, and has significant influences on corrosion
performance of the reinforcing steel in the concrete.

In the past decade, AC electrochemical impedance spec-
troscopy (EIS), one of the non-destructive methods, has
been demonstrated to be a promising technique for its
capability of revealing the microstructure of concrete in
high-frequency region, above kilohertz [1-8]. The high-
frequency EIS spectra in the Nyquist diagram are usually
found to be a capacitive loop, which is generally attributed
to the resistance of concrete bulk and the dispersive capa-
citance of micro-pore network in the concrete. In most
cases, such a capacitive loop has been simulated with a
simple equivalent circuit composed of a resistance R, and a
capacitance C; connected together in parallel [4—16].

In some studies [6,8,15—18], it has been found that the
measured impedance (Z) of a cement paste does not tend
towards the origin of the Nyquist diagram along the high-
frequency capacitive loop as frequency increases; instead, it
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intersects the Z, axis at a distance of R, from the origin. In
this case, the equivalent circuit for concrete should actually
be a Ry and a C; in parallel, then connecting to a resistance
R in series.

Different interpretations have been given to the measured
Ry in the high-frequency region. For example, Christensen et
al. [17,18] defined R, as an offset resistance for curve fitting
purpose, a meaningless parameter. Gu et al. [6—8] attributed
Ry mainly to the resistance of unhydrated cement and
hydration products in their first model, and then to the
resistance of the pore solution in their second model.

The above argument over the explanation for AC EIS
spectra in the high-frequency region mainly originates
from using improper AC EIS models of the microstruc-
ture of concrete. Even though several models [7,8,19—
25] have been proposed by various researchers, most of
them are not convincing in interpreting the EIS beha-
viours of cement paste, mortar, and concrete. For exam-
ple, Whittington et al. [19] proposed a conduction model
for concrete in 1981, which involved aggregate, cement
paste, and aggregate/paste three conductive paths. Never-
theless, the model is impractical for the extremely low
possibility of the aggregates in contact directly with each
other (one by one) without thin cement paste layers at
the contacting points. The multi-layer [7] and multi-cube
[8] models apparently succeed in interpreting some EIS
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results. However, in some cases, unreasonable corollaries
could result, such as the resistivity of concrete strongly
dependent on the applied current or potential. Similarly,
the “T” model [18] could account for the dielectric
amplification behaviour of a cementitious system, but if
it is employed to describe the EIS behaviour, in theory,
current-dependent concrete resistivity would also be
obtained. Compared with the “T” model, the barrer/
pin-hole model by Ford et al. [25] has made some
improvements on simulating the microstructure of a
cementitious system, and can explain some EIS features.
Unfortunately, some important factors, such as the por-
osity of cement paste, which could affect EIS features,
have not been involved. Among those models, Macphee
et al.’s [22—24] equivalent circuit could be most com-
plicated, in which all the conductive paths of continuous
pores, discontinuous pores, hydration products, unreacted
cement, have been considered. Since the principal con-
ductive paths in the model are mixed with those unim-
portant conductive paths, such as the unreacted cement,
which has insignificant contribution to the current con-
duction, extracting resistance and capacitance values for
individual microstructural features becomes extremely
difficult [24]. Therefore, the model is impractical in
application, and Cormack et al. [24] even stated that
their early interpretation [23] of the EIS behaviours
based on their model appeared to be incorrect.

In this paper, effort is made to establish a new
equivalent circuit for concrete on the basic of the
existing models, aimed at revealing the physical mean-
ings of the parameters Ry, R;, C;, etc. obtained from
EIS technique. It is hoped that the model is helpful to
the understanding of concrete microstructure and proper-
ties, can offer more reasonable explanations for the EIS
spectra obtained by other researchers, and will lead to a
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Fig. 1. Schematic representation of microstructure of concrete.
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Fig. 2. Simplified microstructure of concrete.

practical technique of extracting the meaningful para-
meters from the EIS results.

2. Equivalent circuit model for concrete

In principle, the microstructure of concrete can be
schematically illustrated as in Fig. 1. Basically, there are
three kinds of paths in such a structure: (1) continuous
conductive paths (CCPs), discontinuous conductive paths
(DCPs), and “‘insulator” conductive paths (ICPs). The
CCPs are the continuously connected micro-pores, which
could be a series of capillary cavities connected through
pore necks. The discontinuous micro-pores in the concrete
form the DCPs, whose continuity is blocked by the cement
paste layers, which is also denoted as ‘“‘discontinuous
points” (DPs) in this paper. The discontinuous pores can
also be connected to continuous pores as dead ends. Apart
from the DCPs and CCPs, the continuous concrete matrix,
which is composed of cement paste particles, acts as
“insulator” paths (ICPs) in the concrete.

Based on the above considerations, the microstructure
of the concrete can be simplified into Fig. 2, in which
the white areas represent pores and the black stands for
cement paste mixed with aggregates. The porosity (¢)
of the concrete can be represented by the ratio of the
white areas over the whole block (white areas+ black
area) in Fig. 2.

The conductivity of the concrete depends on the impe-
dance of all the three kinds of conductive paths, which can
be incorporated into a circuit as shown in Fig. 3, and
correspondingly, the total impedance (Z) of the concrete
would be [Eq. (1)]:

Z=1/(1/Zccp + 1/ Zpcp + 1/ Zicp) (1)

Theoretically, current conduction through CCP occurs by
ions migrating in the pore solution, i.e., Ohm’s law operates
in this case. Therefore, the total impedance of all the CCPs
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Fig. 3. Extracted electric conduction model for concrete.

Zicp: impedance of the “insulator”
conductive paths

Zpcp: impedance of the discontinuous
conductive paths

Zccp: impedance of the continuous
conductive paths

in the concrete could statistically be described as a
resistance Rccp:

Zccp = Recp = piLE/ (SEN) (2)

where p is the resistivity of the pore solution in CCP (Q
cm), L the thickness of the concrete in the direction
parallel to applied electrical field (cm), S the cross-
sectional area of the concrete perpendicular to applied
electrical field (cm?), € the tortuosity of CCP, X\ the ratio
of the volume of the pores forming CCP over the total
volume of all the micro-pores in the concrete (%), and ¢
the porosity of the concrete (% of volume).

Compared with CCP, DCP has more complicated
impedance expression because of the “DP.” The impe-
dance (Zpcp) of DCP should consist of two parts: the
continuous portion (Zcp) of DCP and the discontinuous
point (cement paste layers) (Zpp) (Eq. (3)):

Zpcp = Zcp + Zpp (3)

At the DP point, current has to “penetrate” through the
cement paste layer. However, the cement paste has high
resistivity and is usually regarded as an “insulator,” so a
DC current is difficult to ‘“penetrate” through such a
cement paste layer. However, the ‘“discontinuous point”
can also be treated as a double parallel plate capacitance
(Cpp) with the cement paste as its dielectric (Fig. 2)

whose value can be given by:
CDp = (1 — )\)kpSEOEr/d (4)

where d is the equivalent cumulative thickness of all the
DP points (gel layers or walls) (cm) in the direction
paralleled to the electric field, €, the vacuum permittivity
(8.85x 10 ' F/em), and ¢, the relative permittivity of
cement paste.

If an AC current is involved in the current conduction, it
can pass through the capacitance. In this case, the impe-
dance (Zpp) for the DP point of DCP in the concrete can
statistically be written as (Eq. (5)):

ZD]) = 1/(jUJCDP) (5)

where j = v/ —1 and w is frequency of AC current passing
through the concrete (Hz).

The remaining portion of DCP would have an impedance
Zcp similar to that of CCP, which can also be described as a
pure resistance:

Zcp = Rep = (L — d)&py/[Sp(1 — V)] (6)

Therefore, the total impedance (Zpcp) of DCP in the
concrete is equivalent to a resistance Rcp plus a capacitance
Cpcp in series [Eq. (7)]:

Zpcp =Rcp + 1/(jwCpp) = (L — d)&p/[S @(1 = N)]
—Jjd /(1 = N)Speoer]

In addition, the “insulator” concrete matrix can be
penetrated by an AC current through capacitive charging
and discharging effect across the concrete matrix. In this
case, the two end faces of the concrete matrix would serve
as a double parallel plate capacitance C,,, and the concrete
matrix as the dielectric of the capacitance, which can be
formulated by:

Cinat = Seo&:r/L (8)

and the impedance (Zjcp) of the concrete matrix should be
[Eq. 9)]:

Zicp = 1/(jwCiat) 9)

Strictly speaking, the concrete matrix is not a real insulator
to DC current. The hydrated cement (cement gel) in the
concrete matrix has limited conductivity, and can be
regarded as a resistance R, Its contribution to the total
conductivity of the concrete is particularly significant when
Rcp and Rccp become very high under certain circum-
stances, e.g., the pore solution in the concrete being
completely emptied or frozen.

Using corresponding equivalent elements to represent all
the above paths and combining them together, an equivalent
circuit for the concrete can be obtained as shown in Fig. 4.

Based on Fig. 4, the total impedance (Z) of the concrete
would be [Eq. (10)]:

Z = 1/{jwCpat + (1/Rccp + 1/Rumat)
+1/[Rep + 1/ (jwCpp)]}

Since Rccp and Ry, can be incorporated into a single
resistance, they cannot be separated in practice. Fortunately,

(10)
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Fig. 4. Detailed equivalent circuit for microstructure of concrete.
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Fig. 5. Equivalent circuit model for concrete.

in most cases, the resistivity of the gel phase in a concrete
matrix is so high (i.e., a few orders of magnitude higher than
the pore solution) that its conductivity is negligible
compared with other conductive paths [Eq. (11)], i.e.,

Reep << Riat (11)
Thereby, Egs. (12) and (13) hold.
Reep|mat = RecpRmat/ (Recp + Rimat) = Recp (12)

Z ~ 1/{jwCiat + 1/Rccp + 1/[Rep + 1/(jwCpp)]}  (13)

This means that the R,,,,; path in Fig. 4 can be regarded as an
open circuit, and the equivalent circuit (Fig. 4) can be
further simplified into an equivalent circuit model as
depicted in Fig. 5 for concrete or cementitious system in
most cases. In the following discussion, R, would not be
considered if not specified.

The equivalent circuit model (Fig. 5) is much simpler
than that proposed by Macphee et al. [22], as only the
principle conductive paths are included. Such an equivalent
circuit would give out a theoretical EIS spectrum with two
capacitive loops as displayed in Fig. 6.

The above equivalent circuit can also be transformed into
a conventional circuit (Fig. 7), and the conventional circuit
can give out exactly the same EIS spectrum (Fig. 6) as the
equivalent circuit model (Fig. 5).

By comparing the conventional circuit (Fig. 7) with the
equivalent circuit model (Fig. 5), the following relationships
can easily be established:

Ro = RepRece/(Rep + Recp) (14)
Ry = R¢.cp/(Rep + Recp) (15)
Co=1/2(1 +RCP/RCCP)2CDP (16
~[C3p — 4CppCnat /(1 + Rep/Recp)]? )
C1 =1/2(1 + Rep/Recp)* Cop o
+[Chp — 4CopCrnat/(1 + Rep/Recr)’]'/?
Rep = (Ro + Ri)Ro /R,y (18)
Recp = Ro + Ry (19)
Cop = (Co + C1)[R1/(Ro + R1)] (20)
Cinat = CoC1/(Co + C1) (21)

where parameters Ry, Ry, Cy, and C can easily be obtained
from a measured EIS spectrum using the conventional
circuit (Fig. 7), while Rcp, Rccp, Cmar, and Cpp are
theoretical parameters with clear physical meanings for
concrete microstructure.

The above equations [Egs. (14)—(21)] also provide an
easy method to estimate concrete micro-structural para-
meters from an experimental EIS spectrum. After Ry, R,
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Fig. 6. Theoretical Nyquist EIS spectrum based on the equivalent circuit model as shown in Fig. 5. (the spectrum displayed in this figure is computer-generated
using the following parameters: Rcp= 120 kQ, Rccp=600 kQ, Cpo=6 pF, and Cpp=0.9 nF).
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Cy, and C; are obtained from the experimental EIS, Rcp,
Reep, Cat, and Cpp can be calculated by following these
equations. In this way, extracting resistance and capaci-
tance values for individual micro-structural features would
not be difficult.

Furthermore, with the above equations, the measured
parameters, like Ry, R, etc, become more meaningful. For
example, Eq. (14) suggests that R, is actually the overall
resistance of all continuously and discontinuously con-
nected micro-pores that are filled with water in a concrete;
Ry+R; indicates the resistance of the continuously con-
nected micro-pores according to Eq. (19).

3. Theoretical features of equivalent circuit model

The probability for micro-pores to form CCP paths in
concrete is relatively low, therefore, A\<<1. In addition, the
cement paste layers that block the continuity of DCP can
also be assumed to be much thinner than the apparent
concrete thickness (d<<L) due to the high porosity of
concrete. Therefore, from Egs. (4) and (8), the following
relationship can also easily be deduced [Eq. (22)]:

Cat << Cpp (22)

By substituting it into Egs. (16) and (17), Cy and C; can be
simplified into:

CO ~ Cmat (23)

Ci ~ (14 Rep/Recp)*Cop (24)
It is obvious that Eq. (25) holds.
Co << G, (25)

Eqgs. (23) and (24) suggest that, the first capacitive
loop in the high-frequency region is mainly associated
with the capacitance (C,,,) across the concrete matrix.
The second capacitive loop in the lower frequency region
mainly characterises the capacitance (Cpp) of the DPs in
the concrete.

The above theoretical features have been demonstrated in
some particularly designed experiments, such as the work
by Keddam et al. [9].

Keddam et al. [9] obtained three capacitive loops from a
cement paste with graphite plates as conducting electrodes on
both end faces of the specimen at room RH. They believed
that the first loop in the high-frequency region (around 10

—

o
—
=T

Fig. 7. Conventional circuit of concrete.

MHz) was related to the capacitance and resistance of the
cement pastes; while the second capacitive loop in the
intermediate frequency range (around 100 kHz) corre-
sponded to the interface of cement paste/graphite electrode;
and the third capacitive loop in the low frequency (<100
kHz) should be ascribed to unknown interfacial effect.

Such a postulation is not reasonable for the capacitance
of the second loop, because the measured value of the
capacitance was of the order of nF/cm?, which is too small
for an interface capacitance. If the interface of the graphite/
cement is regarded as a parallel plate capacitance, then the
distance between the graphite plates and the cement paste
that was in contact with each other should be negligible, say
less than 1 pm. In this case, a capacitance much larger than
0.1 pF/cm? would be expected, which is about two orders of
magnitude higher than the experimental one (some nF/cm?)
[9]. The significant deviation of the experimental value from
the theoretically expected result (> 0.1 pF/cm?) suggests the
inapplicability of this explanation [9].

If the equivalent circuit model (Fig. 5) proposed in this
paper is employed to interpret Kiddam et al.’s results,
then the experimental data would be able to fit the theore-
tical expectations.

As mentioned earlier, the first capacitive loop in the high-
frequency region is associated with C,,,. If the £, of cement
paste at room RH is assumed to be 40, then a capacitance of
around 4.5 pF/cm® (calculated based on the geometric
parameters provided in the literature [9]) would be obtained,
which is close to the experimental one [9].

The second capacitive loop in the equivalent circuit
model (Fig. 5) would mainly be caused by the capacitance
(Cpp) of the DPs (i.e., the cement paste layers in the DCP).
In some senses, the ratio of Cpp/Cyy, i equivalent to the
“dielectric amplification factor” [17]. It would be reason-
able to assume that L/d ~ 10* or d ~ 100 pm in the case that
L~0.8 cm [9], then Cpp ~ 0.4 nF/cm? would result, which
is also very close to the experimental one [9].

As to the third capacitive loop reported by Kiddam et al.
[9], the present author believes that it may have something
to do with the oxygen diffusion and reduction reaction at the
graphite/cement interface. Such a process usually generates
a capacitive loop or Warburg impedance (the slope of — Z;
against Z; is around 1) in a lower frequency region in the
Nyquist diagram, and has a measured capacitance of some
pF/em? order of magnitude or even higher.

Most water in the micro-pores of the cement paste,
particularly in the relatively large pores like capillary
cavities and micro-cracks, would be removed after oven-
drying. As it is more likely for large pores to form CCPs, the
removal of the water would mainly affect the CCP whose
resistance would be dramatically increased after oven-dry-
ing. Therefore, the equivalent circuit model (Fig. 5) for the
oven-dried cement paste would have an open-circuited Rccp
and an extremely high Rcp. Corresponding to such a circuit,
the Nyquist EIS spectrum should have one capacitive loop
alone as described by Kiddam et al. [9].
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If insulating polyester sheets were inserted between the
graphite plates and cement specimen, the second capacitive
loop characterising Cpp, would be overwhelmed by the
polyester sheet related capacitive features, because the
polyester sheets have a thickness of 100 pm, which could
form a capacitance with a value close to that of Cpp.

Both of the polyester sheets alone and the polyester-
sheets-insulated cement specimen have very high impe-
dance, and exhibit very large and non-complete capacitive
loops in the Nyquist diagram. A very small relative error in
their impedance measurements can cause a very significant
absolute difference in the measured impedance, which
would lead to an incomplete subtraction of the impedance
of the polyester sheet from that of the polyester sheets
insulated cement specimen. Consequently, a high remaining
impedance could result from such an incomplete subtrac-
tion. This might be the reason why the subtracted EIS
spectrum still had a large capacitive loop in the low
frequency [9]. Moreover, in theory, the large capacitive loop
after a complete substation cannot be caused by an elec-
trically (ionic and electronic) blocked boundary on both end
faces of the sample as Kiddam et al. [9] suggested, because
the blocked boundary effect is actually a capacitance beha-
viour, which is supposed to be eliminated if a complete
subtraction has been conducted.

4. Experimental AC EIS of concrete bulk

Dispersion effect is a very common phenomenon in
experimental AC EIS, which makes the capacitance expres-
sion more complicated. This issue would not be discussed in
this paper.

In most experiments, it is relatively difficult to obtain a
complete theoretical EIS spectrum as Fig. 6, due to the
accuracy limitation of most electrochemical equipment.
Usually, the first high-frequency capacitive loop could be
seriously distorted by the equipment and wiring impe-
dance. It could also emerge in the frequency region that
is too high and beyond the frequency limit of the equip-
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Fig. 8. Experimental AC EIS spectrum for concrete bulk.
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Fig. 9. Simplified equivalent circuit model for concrete bulk.

ment. Therefore, in practice, most measured Nyquist EIS
spectra usually start from the second capacitive loop, and
have only one semicircle, i.e., the second capacitive loop
as shown in Fig. 8.

In this case, the equivalent circuit model can also be
further simplified into Fig. 9 under the experimental condi-
tions, because C,y is too small (C, — 0), compared with
Cpp, to be considered within the measurement frequency
range. Correspondingly, its conventional equivalent circuit
would be simpler too (Fig. 10).

Based on the simplified circuits (Fig. 9 and Fig. 10), the
relationships among Cy, Cpa, C; and Cpp can also be
simplified into [Egs. (26)—(28)]:

CO ~ Cmat = 0 (26)
C=(1 +RCP/RCCP)2CDP (27)
Cop = C1[R1/(Ro + R (28)

AC EIS has been used to investigate the hydration of cement
and the influences of some factors on the hydration process
by various researchers [6,7,8,15—18]. The typical features
of the EIS spectra can be summarised by the following.

(1) R, (Fig. 8) increases dramatically with hydration
time. Ro increases marginally only during the early stage
of hydration.

(2) Usually, the capacitive loop with R as its diameter
does not appear in an ordinary cement paste until a
critical hydration time has been reached. However, in a
very low porosity cementitious system, such a delayed
appearance of the capacitive loop does not occur.

(3) R, of a hydrating cement system containing silica
fume is grater than that of a cement without silica fume.

(4) C, decreases with hydration time.

(5) Both Ry and R; decrease with a decreasing
concrete thickness. If the concrete thickness is too small,

Fig. 10. Conventional equivalent circuit of the simplified model as shown
in Fig. 9.
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the capacitive loop characterised by R; as its diameter
could disappear.

(6) R, decreases as the water/cement ratio increases.

In order to interpret phenomena (1)—(4) above, an
improvement has been made by Xie et al. [8] in their second
model, which mainly attributes R, to the resistance of the
pore solution, rather than to the resistance of unhydrated
cement and hydration products as stated in their first model
[7]. However, in both models [7,8], R; (Fig. 8) was ascribed
to an interface resistance (Ry) between the solid (unhydrated
cement and hydration products) and liquid (pore solution)
phases in the cement paste.

It is well known that, apart from the capacitive effect of
charging and discharging processes, current conduction
across a solid/solution interface can be carried out in two
different mechanisms.

(1) Ions migrate to the interface from the solution, and
pass through the interface, then continue to travel in the
solid phase. In this case, the solid is usually an ion
conductor, otherwise the ions would be accumulated in
the vicinity of the interface in the solid side and would
finally stop the current conduction.

(2) Ions migrate from the solution to the interface, then
Faradic reactions (i.e., electrochemical reactions, or electron
exchange between the ions in the solution and species in the
solid) occur at the interface, and the charged or discharged
species (including electron) continue to travel in the solid. In
this case, the interface resistance is termed as transmitting
resistance R;, which is strongly dependent on applied
potential or current density.

In a cement paste system, the main ions in the pore
solution are OH ~, K", Na™*, and Ca®*. At the interface of
pore solution/cement gel, if the first mechanism plays the
principal role in current conduction, then the cations K",
Na*, and Ca®>* would be “piled up” in the cement solid,
which would dramatically change the properties of the
cement solid. Obviously, this is not true. If the second
mechanism operates when current flows through the solu-
tion/cement interface, then the concrete resistance would
change dramatically with applied current or potential. This
is rather incorrect. Therefore, the interpretation of R; as the
interface resistance between the pore solution and cement
solid is not convincing.

Phenomena (1)—(6) above can be explained more reason-
ably using the simplified equivalent circuit model (Fig. 9)
proposed in this paper.

(1) Cement hydration is the process by which cement
powder turns into C—S—H gel. The latter has much larger
volume than the former. Therefore, the expanding cement
gel particles during the hydration process would be more
likely to block CCP paths and to narrow the DCP paths or
to thicken the DP layers. All these changes in CCP and
DCP paths would increase Rccp and Rcp, resulting in R,
and R, increasing with hydration time. However, the
extents of the influence of hydration on Rccp and Rcp
are different. The hydration can block CCP paths and

reduce the number of CCP paths by turning CCP into
DCP, whereas it can only narrow the DCP paths or thicken
DP layers. Thus, Rccp usually decreases significantly with
hydration time. On the other hand, Rcp could not be
greatly reduced, because some CCP paths after being
blocked turn into DP paths that would compensate for
the decrease in Rcp to some extent. Hence, the overall
influence of hydration on Rccp is much more significant
than on Rcp, i.e., the ratio of Rccp/Rcp would increase with
hydration time because of Rccp/Rcp=Ri/Ry according to
Eqgs. (18) and (19). This means that R; would increase
more dramatically with hydration time than Ry.

(2) At the early hydration stage (the first few hours),
cement particles are not sufficiently hydrated and their
expansion is not significant. All the intervals between
cement particles are still filled with water, i.e., the cement
paste at this stage is full of CCP paths and had few or no DCP
paths. In this case, the simplified model (Fig. 9) can be
further simplified into a Rccp, which could not display a
capacitive loop in the Nyquist diagram. However, in a very
low porosity cement paste, some CCP paths could be quickly
blocked by DP and changed into DCP paths, so a capacitive
loop would be exhibited very soon after hydration.

(3) The added silica fume, which has much smaller
particle size than the Portland cement, stays in the micro-
pores of the cement paste matrix. This could effectively
decrease the porosity (¢p) of the cement paste. According to
Eq. (2), Rccp would increase as ¢ decreases, which would
result in an increasing R; [Eq. (15)].

(4) In the equivalent circuit model proposed in this
paper, Cpp is the double parallel plate capacitance of DP.
The hydration would undoubtedly increase the thickness of
DP in DCP, which would lower the value of Cpp. Conse-
quently, C; decreases with the hydration time according to
Eq. (27).

(5) When the thickness (L) of the concrete is increased,
according to Egs. (2) and (6), both Rccp and Rcp would
increase, hence, both R; and R, increase (Egs. (14) and
(15)). On the other hand, if L decreases, the possibility of
the cement paste layers (DP) blocking the continuity of the
micro-pores decreases. When L is too small, then the
number of the blocked DCP paths becomes extremely
low. This is equivalent to a short-circuited Rcp in the
equivalent circuit model (Fig. 9), therefore, only a single
capacitive loop would be displayed in the Nyquist diagram.

(6) Changing the ratio of w/c also alters the porosity of
the cement paste. Higher w/c ratio would lead to a higher
porosity (), thus, Rccp and R; would decrease with the
increase in w/c ratio according to Egs. (2) and (15).

5. Conclusions
(1) An equivalent circuit model for concrete has been

proposed, which contains meaningful parameters Rccp, Rcp,
Cinat, and Cpp. Rccp is the resistance of the continuously
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connected micro-pores; Rcp is the resistance of the discon-
tinuously connected micro-pores, blocked by cement paste;
Chnat 18 the capacitance across the concrete matrix; and Cpp
is the capacitance of the cement paste blocking the con-
tinuity of the connected micro-pores.

(2) According to the proposed model, the parameters
demonstrated by the experimental Nyquist EIS have clear
meanings. For example, R, is the overall resistance of all
the micro-pores in the concrete bulk, including continu-
ously and discontinuously connected interstitial gel pores,
capillary cavities, and even micro-cracks; R;+ R, is the
total resistance of the continuously connected micro-pores
in concrete.

(3) From the measured parameters Ry, R;, Co, and C;, the
meaningful parameters Rccp, Rep, Cpp, and Cp,e can be
easily calculated.

(4) The proposed model can successfully explain the
experimental phenomena observed by other researchers,
such as the influences of hydration time, silica fume, and
water/cement ratio on the capacitive loops in high-frequency
range, etc.
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