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Impedance spectra were monitored at early ages on hydrating Portland cement pastes
subjected to a sustained load. The pastes were prepared with two different water-cement
ratios (0.35 and 0.50). The experiments were conducted in a controlled chamber maintained
at (96 ± 2)% relative humidity. The three ages at loading investigated were 18, 24 and
30 hrs. Real-time changes in paste microstructure due to sustained load were followed
through the coupling of an AC impedance frequency analyzer with a miniature loading
system. Cement paste specimens were in the form of “T-shaped” columns with a minimum
thickness value (for the web and flanges) less than 1.25 mm. The impedance analysis
included an assessment of the relevance of the high frequency arc depression angle to an
understanding of the creep and shrinkage behavior of cement paste. Electrical models were
developed in order to predict the creep coefficient of normal (w/c = 0.50) and high strength
(w/c = 0.35) cement pastes from early age data. C© 2003 Kluwer Academic Publishers

1. Introduction
The recent knowledge of the microstructure of cal-
cium silicate hydrates obtained from various techniques
(TGA/DTA, IR Spectroscopy, NMR etc.) has led to a
better understanding of the distribution of water within
the paste and the C-S-H. The impedance spectroscopy
(IS) has emerged as a promising nondestructive tech-
nique suitable for in situ microstructural investigation
[1–25]. The use of short-term creep and shrinkage data
as well as the coupled electrical responses to model
the creep of cement paste and/or concrete may be
significant for the design engineers. Such models as-
sume a good knowledge of the behavior of cement
paste binders and their constituents. The experiments
described in this paper were specifically designed to
assess the a.c. impedance response (e.g., changing of
high frequency arc diameter and depression angle) and
its relationship to the early age creep process. Creep
data were obtained on miniature specimens under envi-
ronmentally controlled conditions. The monitoring of
real-time changes in the microstructure of the cement
paste subjected to sustained load through a loading sys-
tem coupled to a.c. impedance measuring equipment
facilitated the assessment.

2. Impedance behavior
of cementitious materials

Impedance spectra can be obtained over a wide range
of frequencies (1 Hz to 15 MHz), allowing for the
separation of bulk cement paste and electrode polar-

ization effects. An idealized impedance spectrum for
a cement system is plotted in the real versus imagi-
nary plane (Fig. 1a). A single arc in the high-frequency
range with a small part of a second arc in a rela-
tively low-frequency region are shown. It is suggested
that the high-frequency arc (HFA) is attributed to the
bulk paste impedance behavior and the second low fre-
quency arc is due to the cement paste-electrode surface
capacitance contribution [2]. The projected intercepts
R1 (at the high-frequency end, in the MHz range) and
R1 + R2 (at the minimum between the electrode arc
and bulk arc, in the kHz range) are important parame-
ters providing information related to cement paste mi-
crostructure. Interpretation of an impedance spectrum
(IS) usually involves modeling with an equivalent cir-
cuit (Fig. 1b) until the electrical response of the elemen-
tal microstructure of the cement paste is well simulated.

It is clear that when the frequency approaches an in-
finite value the projected intercept resistance should be
zero. Despite this, extrapolation to the real axis (the
dashed line on Fig. 1a) and computer simulation pro-
vide a fictitious or so-called high frequency resistance
which is cement paste microstructure dependent. Work
by Gu et al. [3] and that of others [4] demonstrated
that the high frequency arc is associated with material
properties. For example, the size of the high frequency
arc has been shown empirically to correlate with pore
structure parameters and the concentration of ions in
the pore solution.

Cement-based materials generally contain a broad
size distribution of water-filled conducting pores [5, 6].

0022–2461 C© 2003 Kluwer Academic Publishers 2247



(a)

(b)

Figure 1 (a) Schematic plot of a high frequency arc in the impedance
complex plane obtained for cement paste systems. (b) A simplified elec-
trical equivalent circuit for hydrating cement systems. R1, R2, and C2

are high-frequency resistance, solid-liquid interface resistance and ca-
pacitance. Rct and Cdl are cement-electrode interface charge transfer
resistance and double layer capacitance.

The network of these conducting pores continuously
changes during the drying process [7–9] and can be
detected in the AC impedance spectra [7–11]. In rel-
atively dry materials the content of the electrolyte is
not large enough to cover the internal pore surfaces
[12]. Christensen et al. [13] found the cement paste to
be a complicated composite conductor because its mi-
crostructure and the conductivity of its pore fluid are
interrelated and time-dependent. McCarter et al. [14]
concluded that only the free capillary water in mortar
samples is removed by oven drying at 70◦C for 24 hrs.
The removal of adsorbed water from the gel surface
would require a higher energy input. In such mortar
samples the water adsorbed by capillary suction forces
has been shown to have a significant influence on the
electrical response [14].

Previous investigations [15–17] have indicated that
the impedance behavior of the hydrating Portland ce-
ment system depends upon the ionic concentration of
the pore solution and porosity. The high frequency arc
diameter (or chord), R2, has been shown to be an in-
verse function of porosity, mean pore size and ionic
concentration of the pore solution. In practice, an ideal
semi-circle is generally not observed in most materials.
It is normally an inclined semi-circle with its center
depressed below the real axis by a finite angle referred
to as the depression angle (see Fig. 1c). This behavior,
normally associated with a spread of relaxation times
[18], cannot be described by the classical Debye equa-
tion employing a single relaxation time [19, 20]. A
dispersive, frequency-dependent element or so-called
constant phase element (CPE) [22–24] can be intro-
duced to account for the shape of the depressed com-
plex plot. The impedance contribution of this element

Figure 1 (c) An inclined semicircle showing its center depressed below
the real axis by an angle θd · π/2.

can be expressed as follows:

Z (CPE) = A−1
o ( jω)−n (1)

where n = 1 − θd and θd · π/2 is the depression angle.
Therefore, n can be used to represent the degree of
perfection of the capacitor and represents a measure of
how far the arc is depressed below the real impedance
axis.

Influencing factors on the depression angle such as
a spread of relaxation times and non-Debye behavior
have been suggested [18, 25]. A wider spread of pore
diameters can also be associated with a larger disper-
sion angle [20]. The magnitude of the depression angle
reported for normal cement paste, silica fume-Portland
cement paste and porous glass is 28.5, 17 and 9◦ respec-
tively. The time for the reorientation of ions or relax-
ation time appears to be affected by the geometry of the
pores and the surface chemistry of the solid. Pore size
and pore surface chemistry could limit the oscillation
frequencies of the hydrated ions and water molecules,
which respond to the applied a.c. signal. That is be-
cause a stronger ion-ion interaction would be expected
in small pores than in larger ones. Therefore a broader
pore size distribution would result in a wide spread of
relaxation times corresponding to a larger depression
angle.

Distributed circuit elements are often associated with
two types of physical processes. The first association
is directly with a non-local process, for example, diffu-
sion. The other arises because microscopic character-
istics such as interface properties and grain boundary
effects are, themselves, often distributed throughout the
material.

3. Experimental program
3.1. Specimen preparation

and characteristics
The hydrated cement paste used for this experimental
study was made with type 10 Portland cement mixed
with de-aired distilled water at two different water ce-
ment ratios (0.35 and 0.50). The Portland cement had
the following composition (in percent): SiO2 (20.72);
Al2O3 (5.87); Fe2O3 (3.07); CaO (62.66); MgO (3.46);
SO3 (2.18) and free lime (0.24). The Bogue compo-
sition was as follows: C3S (46.5); C2S (24.6); C3A
(10.4) and C4AF (8.3). The fineness of the cement was
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Figure 1 (d) Detail of “T-shaped” specimen-electrode connection interface.

340 m2/kg. Mixing details are provided elsewhere [26].
The cylinders were slowly rotated while the paste hard-
ened in order to avoid bleeding and to produce a more
homogeneous product. Specimens were demoulded af-
ter 18, 24 and 30 hrs and stored in lime-saturated water
at (22 ± 2)◦C up to the testing period.

The compressive strength values at 18, 24 and 30 hrs
were 15, 21 and 24 MPa for normal strength paste
(w/c = 0.50) and 25.3, 41.7 and 53 MPa for the high
strength paste (w/c = 0.35) respectively. The initial
stress-strength ratio for the creep tests performed on
specimens at any stage of hydration was 0.30. The sam-
ples were fabricated from paste cylinders and machined
to obtain a “T-shaped” specimen about 1.25 mm thick
with a height of 25.4 mm and a flange width of 5.7 mm.
A special jig was constructed to facilitate the cutting of
the specimens with a precision saw.

3.2. Thermal analysis
Derivative Thermogravimetric Analysis (DTGA) was
used to characterize the state of water in the samples. A
Dupont 951 Thermal Analyzer placed in an environ-
mentally controlled chamber was used for the tests.
From thermogravimetric analysis data the degree of
hydration of Portland cement paste while hardening
was determined for the loaded and unloaded samples
at early age. Powers and Brownyard [27], defined the
degree of hydration as the ratio of non-evaporable wa-
ter content of the cement paste at time t to the non-
evaporable water content at the complete hydration of
the cement paste (at t = ∞). For a typical Portland ce-
ment paste, the latter is generally about 25% by mass
of the cement content while the bound water at time
t is determined by the mass loss of the paste heated
between 105◦C and 1050◦C.

Other definitions of bound water have been proposed
by Danielsson [28] giving slightly different results. In
the present study small variations in the degree of hy-
dration are not significant, as it is the time dependent
changes that are of interest.

3.3. Creep measurement system
The coupled a.c. impedance—creep and shrinkage
spectral responses were obtained by mounting the
“T-shaped” specimens in a miniature creep frame (two

per frame) linking the specimens to a load cell through
electrode interfaces connected to a Solartron 1260
frequency response analyzer. The creep frames were
placed in environmentally controlled cells. Modified
Tuckerman optical extensometers were used for the
length change measurements. They were mounted on
the flanges of each of the two “T-shaped” specimens.
Creep strain was monitored with an accuracy of about
1 µ strain.

Prior to creep and/or shrinkage test, a conductive
paste was spread at each end of the “T-shaped” spec-
imens in order to provide a better electrode-specimen
contact. The electrodes used for the present experiment
were malleable thin strips of stainless steel kept in place
by a small applied pressure. Details of the “T-shaped”
specimen dimensions and electrode interface are pre-
sented in Fig. 1d. The ac impedance measurements
were conducted for frequency varying from 5 MHz
to about 100 Hz. Further details of the measurement
system are provided in [26].

4. Results and discussion
The degree of hydration as well as the CH content data
are presented in Tables I and II for the 0.35 and 0.50
water-cement ratio pastes at different stages of harden-
ing. It appears from Table II that the loading of sam-
ples at a very early age (18 hrs or less) can increase

TABLE I Degree of hydration and Ca(OH)2 content of hardening
cement paste (w/c = 0.35) loaded at 18, 24 and 30 hrs at a stress/strength
ratio of 0.3 at age of loading

Unloaded sample Loaded sample

Degree of Ca(OH)2 Degree of Ca(OH)2

Age hydration content hydration content

18 h 0.54 0.068 0.54 0.068
24 h 0.64 0.073 0.57 0.072
30 h 0.65 0.079 0.62 0.078
42 h 0.74 0.080 0.66 0.080
24 h 0.65 0.078 0.65 0.078
36 h 0.71 0.080 0.67 0.083
48 h 0.77 0.084 0.70 0.087
72 h 0.84 0.091 0.78 0.089
30 h 0.67 0.081 0.67 0.081
54 h 0.79 0.086 0.77 0.088
78 h 0.82 0.089 0.79 0.088

102 h 0.88 0.088 0.81 0.090
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T ABL E I I Degree of hydration and Ca(OH)2 content of hardening
cement paste (w/c = 0.50) loaded at 18, 24 and 30 hrs at a stress/strength
ratio of 0.3 at age of loading

Unloaded sample Loaded sample

Degree of Ca(OH)2 Degree of Ca(OH)2

Age hydration content hydration content

18 h 0.50 0.064 0.50 0.064
24 h 0.55 0.068 0.79 0.076
30 h 0.63 0.075 0.86 0.077
42 h 0.73 0.079 0.88 0.083
24 h 0.60 0.075 0.60 0.075
36 h 0.70 0.079 0.69 0.078
48 h 0.72 0.086 0.71 0.084
72 h 0.81 0.093 0.78 0.089
30 h 0.61 0.080 0.61 0.080
54 h 0.80 0.087 0.73 0.085
78 h 0.78 0.090 0.79 0.088

102 h 0.80 0.092 0.77 0.093

the hydration (compared to that of unloaded samples)
of ordinary hardening cement paste (at w/c = 0.50).
The loading shows a negative effect on the degree of
hydration after 24 hrs of hydration or greater for 0.35
and 0.50 water-cement ratio pastes at various hardening
times. Detail mass change and length change isotherms
for Portland cement paste have been obtained by re-
searchers at the National Research Council and by other
workers [29]. At 96 ± 2% RH, the isotherm is steep
and there is a mass change of about 2% of the mass
of the degassed paste. There is also a relatively small
shrinkage of about 0.03% associated with the desic-
cation. Equilibrium times at high humities contrary to
those at low humidities are much shorter than three
days as it is primarily capillary pores that empty on dry-
ing. In addition, the thin samples (less than 1.25 mm
thickness) facilitates attainment of equilibrium. Strains,
modulus of elasticity and compliance obtained from
tests performed on hydrating Portland cement paste
are presented in Table III. The elastic values were ob-
tained by incrementally applying the load up to the
initial loading which corresponds to 30% of the com-
pressive strength. The compliance of the high strength
cement paste (w/c=0.35) after three days of loading
increase with the age at loading while that of the nor-
mal strength cement paste (w/c = 0.50) much higher,
decrease with the age at loading. The modulus of elas-
ticity which is a material property increase with the
hydration and shows higher values for the low water
cement ratio. These observations are similar to those re-
ported in the literature. Impedance spectra (real-time)

T ABL E I I I Strain, modulus of elasticity and compliance of hydrating Portland cement paste

εsh (µm/m) εtotal (µm/m) J (µm/m/MPa)
Age at loading (hrs) εe (µm/m) E (GPa) after 3 days after 3 days after 3 days

w/c = 0.35 18 360 20.7 152 811 87.9
24 640 20.8 176 1153 73.5
30 750 21.5 248 2248 124.2

w/c = 0.50 18 577 7.9 20 1646 353.5
24 623 10.4 80 1614 236.0
30 625 11.6 260 1297 142.1

Figure 2 AC impedance spectra: (a) shrinkage and (b) total strain of 18
hrs old hardening cement paste (w/c = 0.35); specimens conditioned
at about 96% RH for 0, 1, 2, 3.7, 6.5, 9, 12.7, 24, 48 and 72 hrs after
loading.

were simultaneously monitored during the shrinkage
and creep experiments of hardening normal and high
strength cement pastes and are presented in Figs 2 to
7. The size of the high frequency arc diameter (HFA)
has been widely investigated and attributed to the in-
trinsic properties of the hardening cement paste which
are pore solution conductivity, pore diameter and pore
size distribution [30–32]. The Figs 2 to 4 illustrate the
high frequency arc of unloaded and loaded specimens
of high strength cement paste (w/c = 0.35) maintained
in the same environmentally controlled cabinet. It can
be observed that at any period of time following con-
ditioning, the arcs in the spectra of unloaded speci-
mens are greater than those of loaded specimens. They
also increase in size with hydration and/or loading pe-
riod. Spectra obtained from the difference between un-
loaded (shrinkage) and loaded (total strain) spectra can
be considered as a result of the elastic strain and creep
process.
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Figure 3 AC impedance spectra: (a) shrinkage and (b) total strain of
24 hrs old hardening cement paste (w/c = 0.35); specimens conditioned
at about 96% RH for 0, 1, 2, 3.7, 6.5, 9, 12.7, 24, 48 and 72 hrs after
loading.

Figure 4 AC impedance spectra: (a) shrinkage and (b) total strain of
30 hrs old hardening cement paste (w/c = 0.35); specimens conditioned
at about 96% RH for 0, 1, 2, 3.7, 6.5, 9, 12.7, 24, 48 and 72 hrs after
loading.

Figure 5 AC impedance spectra: (a) shrinkage and (b) total strain of
18 hrs old hardening cement paste (w/c = 0.50); specimens conditioned
at about 96% RH for 0, 1, 2, 3.7, 6.5, 9, 12.7, 24, 48 and 72 hrs after
loading.

Figure 6 AC impedance spectra: (a) shrinkage and (b) total strain of
24 hrs old hardening cement paste (w/c = 0.50); specimens conditioned
at about 96% RH for 0, 1, 2, 3.7, 6.5, 9, 12.7, 24, 48 and 72 hrs after
loading.

2251



Figure 7 AC impedance spectra: (a) shrinkage and (b) total strain of
30 hrs old hardening cement paste (w/c = 0.50); specimens conditioned
at about 96% RH for 0, 1, 2, 3.7, 6.5, 9, 12.7, 24, 48 and 72 hrs after
loading.

The shrinkage of the (w/c = 0.50) normal strength
(18 and 24 hrs old specimens) shows unusual behav-
ior exhibiting what can be considered as two high fre-
quency arcs (Figs 5a and 6a). This type of non-ideal
behavior has been observed by one of the authors for
concrete specimens undergoing shrinkage where the
electrodes were cast into the specimens. In the present
study, a conductive paste was spread at each end of
the specimens and the specimen-electrode contact was
kept in place by a small applied pressure. The authors
therefore, discount the possibility that the differences
in the spectra are due to an electrode sample contact
problem. Unloaded specimens undergoing drying un-
dergo microstructural changes (pore coarsening) to a
different and presumably greater extent than the loaded
specimens. The differences in the spectra might also
be attributed to these differences. High resistance val-
ues in drying of unloaded specimens may also be a
result of pore discontinuity accompanying microstruc-
tural change. Drying preferentially occurs first in the
larger capillaries. This process can be viewed as cre-
ating a discontinuity in the pore network in terms of
conductivity. The unloaded paste structure may have
a progressively discontinuous pore network that can
be modeled as two different capacitors while drying.
The second arc disappears with the loading of these
specimens implying that the load may contribute to
re-establishing continuity of the pore network during
hardening of the paste. Companion specimens of nor-
mal and high strength cement pastes kept continuously

wet indicate that the HFA diameter increases with the
hydration as already reported by several researchers
[33–35]. It has been well demonstrated that during the
hydration period, the bulk resistance steadily increases
with time, as does the depression of the arc below the
real axis. This was attributed to “a spread of relaxation
times” of the ions adsorbed at the solid-liquid inter-
faces as hydration proceeds. The drying even at a very
high relative humidity (96% in the present study) and/or
the loading of the specimen during hydration may per-
turb the movement of ions and therefore slightly affect
the relative changes of the associated depression angle.
McCarter and Garvin [36] have shown that the absolute
values of resistance and reactance increase dramatically
as a high proportion of the free capillary water evap-
orates from the matrix. Such evaporation of capillary
water even at (96±2)% RH may explain the high value
of HFA observed on the Nyquist plots of shrinking ce-
ment paste during hydration. At this humidity level,
even though part of the free capillary water is removed,
adsorbed water would require a higher energy input or
lower humidity to be removed from the gel surface.
The load may redistribute the water within the matrix,
contributing to the continuity of water throughout the
capillary system and micropores. A postulate is that
during the subsequent hydration increased layering and
sliding of C-S-H sheets of the loaded specimens, may
decrease the pore network connectivity resulting in a
substantial increase of the HFA diameter. This increase
was observed for mature paste. A porosity decrease at
early ages due to hydration also contributes to changes
in HFA diameter.

The HFA diameter data determined from the elec-
trical model described previously in section 2 are pre-
sented in Figs 8 to 13. The figures in addition to curves
for shrinkage, creep and creep recovery also illustrate
the growth of the HFA diameter of continuously wet
(100% RH) normal and high strength pastes. The elas-
tic recovery was obtained by incrementally removing
the load from the specimens. This was performed within
2 min. It can also be observed from the figures that on
the removal of the sustained load, the HFA diameter
shows an abrupt increase (elastic recovery) followed
by a very slight continuous change during the recovery
period. The values for the w/c = 0.35 paste approach
those of the shrinkage curves. The HFA diameter val-
ues following the removal of the sustained load, how-
ever, do not necessarily reach those of the shrinkage
specimens (Figs 11, 12, and 13) for normal strength
(w/c = 0.50) cement paste (18 and 24 hrs old). This
may be due to the large amount of initial water in such
paste, which leads to a broader pore-size distribution in
the pore network at setting. The characteristics of the
pore network of the matrix on loading may be altered
during the subsequent hydration, which in turn may de-
crease the connectivity and the water available to assure
the continuity.

The 18 and 24 hrs old normal strength (w/c = 0.50)
specimens (as already mentioned) were found to have
two high frequency arcs (see Figs 5a and 6a) during
the monitoring of impedance spectra for the shrinkage
test. The HFA diameter values presented in previous
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Figure 8 Evolution of the high frequency-arc diameter (φ) of unloaded and loaded 18 hrs old hardening cement paste (w/c = 0.35) specimens tested
at about 96% RH.

Figure 9 Evolution of the high frequency-arc diameter (φ) of unloaded and loaded 24 hrs old hardening cement paste (w/c = 0.35) specimens tested
at about 96% RH.

Figure 10 Evolution of the high frequency-arc diameter (φ) of unloaded and loaded 30 hrs old hardening cement paste (w/c = 0.35) specimens
tested at about 96% RH.
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Figure 11 Evolution of the high frequency-arc diameter (φ) of unloaded and loaded 18 hrs old hardening cement paste (w/c = 0.50) specimens
tested at about 96% RH.

Figure 12 Evolution of the high frequency-arc diameter (φ) of unloaded and loaded 24 hrs old hardening cement paste (w/c = 0.50) specimens
tested at about 96% RH.

Figure 13 Evolution of the high frequency-arc diameter (φ) of unloaded and loaded 30 hrs old hardening cement paste (w/c = 0.50) specimens
tested at about 96% RH.
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figures were obtained from an electrical model capa-
ble of fitting both arcs except that only the higher arc
resistance values were used given the difficulty of deter-
mining the single equivalent HFA diameter associated
to the electrical model chosen. Difficulty in obtaining
an equivalent value of HFA diameter for the 18 and
24 hrs normal strength spectra may lead to an inaccu-
rate expression of the mathematical model relating all
of them.

It is apparent from the figures described above that
the size of the high frequency arc diameter (φ) is not
only dependent on the pore solution conductivity, pore
size and pore network characteristics because the rel-
ative humidity (rh) also appears to be an important
parameter. The pore solution conductivity, pore size
and pore network characteristics which are the intrinsic
properties of hardening cement paste can collectively
be associated with the degree of hydration of the matrix
(αd). The degree of hydration at loading (αdo) can be
introduced as a variable. That part of the HFA diameter
which is associated with the loading of the specimens
(�φ) can then be said to depend on variables αd, αdo
and rh provided that all the tests are performed at the
same stress-strength ratio. The HFA diameter (φ) of
hardening cement paste during a shrinkage and total
strain experiment (Figs 8 to 13) can qualitatively be re-
lated to the hydration period as illustrated in Fig. 14.
The terms φshrinkage and φtotal strain of the Fig. 14 are
respectively the HFA diameter plots of unloaded and
loaded specimens of hardening cement paste. The dif-
ference between them can be associated to elastic and
creep strains with its initial value (�φo) being consid-
ered as the instantaneous change in HFA diameter fol-
lowing loading of the cement paste specimens (elastic
strain).

Using a similar approach to that adopted for the mod-
eling of the compliance J [37], the changes in high fre-
quency arc diameter (�φ) observed can be formulated
as follows:

�φ(αd, αdo, rh) = �φo(αdo, rh)[1 + �(αd, αdo, rh)]

(2)

Figure 14 Schematic variation of High frequency-arc diameter (φ) during a total strain and shrinkage experiment of hardening cement paste specimens
tested at about 96% RH.

�(αd, αdo, rh) = k ′
1(αdo, rh)

[
fαd

]k ′
2(αdo,rh)

(2a)

fαd = αd − αdo

αdo
(2b)

As stated previously, fαd is the fractional increase in de-
gree of hydration while under load and k ′

1 and k ′
2 are ex-

perimental parameters depending both on degree of hy-
dration (αdo) at loading and relative humidity (rh). This
requires that the experiments are all conducted at the
same stress-strength ratio. In the present study, the rel-
ative humidity is assumed to be constant at (96 ± 2)%;
the temperature was also maintained at 22 ± 2◦C. From
the impedance results presented above, experimental
creep coefficients were obtained both for normal and
high strength pastes and plotted against those obtained
using the mathematical model previously described.
The Fig. 15 shows a good correlation between the model
and experimental electrical creep coefficients particu-
larly for high strength paste. The poor correlation co-
efficients obtained for the electrical model creep coef-
ficient for the normal strength paste (w/c = 0.50) are
believed to be due to the different type of impedance
spectra for the 18 and 24 hrs old specimens, than those
of the 30 hrs old specimens. The HFA diameter (φ) re-
sults indicate that the electrical model for creep may not
only depend on the degree of hydration (αd) as a pri-
mary variable. The microstructural change associated
with the change in HFA diameter (φ) may also signif-
icantly depend on the type of pore solution. It can be
observed from previous figures that as hydration pro-
ceeds, the character of the electrolyte changes within
the matrix. The electrolyte seems to be more stable in
high strength paste than in normal strength paste. These
observations are confirmed by the parameters k ′

1 and k ′
2

presented in Table IV that have a very low correlation
coefficient, R2.

It is also apparent that the mathematical formulation
developed for HFA diameter change taking place while
hydrating cement paste is subjected to a sustained load
requires further investigation. Nevertheless in order to
consider the effect of the electrolyte, a comparison to
the compliance formulation seems useful. The high
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Figure 15 Comparison of electrical model and experimental creep co-
efficients for high strength (w/c = 0.35) and normal strength (w/c =
0.50) hardening cement pastes while conditioning at 96% RH.

frequency arc diameter as a response to the impedance
signal applied to the specimens through the stainless
steel electrodes is not generally ideal or perfect. How-
ever, as described previously (section 2) most materials
exhibit an inclined semicircle with the center depressed
below the real axis by an angle θd · π/2 (Fig. 1c). The
depression angle is a commonly observed phenomenon
in a.c. impedance studies of cement paste and the HFA
diameter is then equal to R2/ cos(θd ·π/2). The depres-
sion angle parameter n = 1−θd is commonly used and
describes the degree of perfection of the semi-circle.
There may be several causes of the inclined semi-circle
including factors associated with “a spread of relax-
ation times” of the ions adsorbed on the solid-liquid
interfaces [19, 30], surface roughness [38, 39] and un-
even current distribution at the interface.

During a creep experiment, the depression angle pa-
rameter was found to be scattered particularly in the
case of normal strength (w/c = 0.50) hydrating ce-

T ABL E IV Electrical model parameters

w/c = 0.35 w/c = 0.50

Parameters 18 h old 24 h old 30 h old 18 h old 24 h old 30 h old

�φo(αdo, αdo) 531 3786 5472 8675 5461 7742
αdo 0.5048 0.5992 0.6066 0.5454 0.6480 0.6766
k′

o 4082 13719 5083 186477 82631 9005
k′

2 0.3508 0.3872 0.4422 2.4462 1.6518 1.2021
k′

1 = k′
o/Jo 7.6881 3.6236 0.9289 21.4959 151.1868 1.1631

R2 0.9544 0.6143 0.4708 0.9117 0.8244 0.5408

Figure 16 Depression angle parameter n of high strength (w/c = 0.35)
and normal strength (w/c = 0.50) hardening cement pastes while con-
ditioning at 96% RH.

ment paste when compared to unloaded and continu-
ously wet companion specimens (see Fig. 16). From
Fig. 16, it can also be observed for unloaded specimens
that as the hydration progresses, the degree of perfec-
tion of the semi-circle improves as n-values approach 1.
The depression angle parameter appears to be affected
by the loading and reaches a steady state with an in-
crease of the fractional increase in degree of hydration
for the hydrating high strength (w/c = 0.35) cement
paste specimens.

5. Conclusions
1. The sustained loading of normal strength cement
paste (w/c = 0.50) applied after 18 hrs hydration
seems to increase the degree of hydration during early
age creep compared to unloaded specimens.

2. Impedance spectra obtained during creep and
shrinkage tests indicate that the HFA diameter of ce-
ment paste specimens increases with hydration. A pos-
sible explanation is that this may be due to a loss of
electrolyte accompanied by a decrease of pore connec-
tivity and/or an increase in layering following sliding
between C-S-H sheets.

3. The HFA diameter of unloaded specimens is
greater than that of the loaded one. This may be due
to load induced redistribution of water within the ma-
trix.

4. The effect of changes in the electrolyte compo-
sition on the impedance behavior in hydrating cement
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paste seems to be less pronounced in high strength paste
than normal strength paste.

5. The depression angle parameter (n) systemati-
cally increases with the hydration of continuously wet
unloaded hardening cement paste. However, sustained
loading may contribute to the wide scatter observed for
this parameter, particularly for normal strength paste
(w/c = 0.50).
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