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Abstract

Ice content is an essential factor that affects the internal pressure of cement-based materials during freeze-thaw cycles
(FTCs). Since the electrical conductivity of mortar is closely related to its moisture content, it is possible to estimate the
ice content based on electrical conductivity variation of mortar. As a result, the ice formation process during FTCs can
be monitored. This paper proposed a model to estimate the ice content by applying electrical measurements and clari-
fied the combined effects of temperature and moisture content for electrical conductivity of mortar. The ice content of
mortar was estimated with the model by conducting the electrical test. The results are found in acceptable agreement
with theoretical results from thermodynamic analysis, and the relationship between ice content and temperature is simi-

lar to existing calorimetric test results, which confirm the reliability of the model and the proposed test method.

1. Introduction

Frost damage to concrete is of great concern in cold
regions, especially for concrete infrastructure related to
transportation (Valenza and Scherer 2007). Many mod-
els have been proposed to explain the mechanism of
frost damage such as hydraulic pressure (Powers 1945),
crystallization pressure (Scherer and Valenza 2005) and
cryosuction pressure (Sun and Scherer 2010a). A com-
prehensive hydraulic model was also developed by
Gong et al. (2015a) to explain the relationship between
internal pressure and deformation of concrete. Accord-
ing to Gong et al.’s model, to obtain the internal pres-
sure with freeze-thaw cycles (FTCs), it is rational to
apply the sum of the above three pressures. However, all
of these models require the information of ice content as
a known input, which still cannot be measured confi-
dently during freeze-thaw cycles, even though some
studies provide useful information by using differential
scanning calorimeter (Johannesson 2010, Sun and
Scherer 2010b), but it is limited to pore size from
4nm~100nm and the result would be complicated to
interpret if there is solute in the pore liquid since the salt
can change the heat flow state in concrete (Kjeldsen
and Geiker 2008).
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Recently, using electrical measurements to investigate
the micro-characteristics of cement-based materials has
attracted more interest because of its high efficiency and
easy application (Spragg et al. 2012). It seems also quite
promising to use this method to study the frost damage
of concrete, especially for the ice formation process
(Perron and Beaudoin 2002; Sato and Beaudoin 2011).
The electrical conductivity of concrete depends on five
factors: porosity, connectivity, chemical composition of
pore solution, saturation degree (moisture content) of
concrete and temperature (Weiss et al. 2012). Generally,
when the temperature is decreasing below the freezing
point, the content of unfrozen water gradually decreases.
According to existing understandings (Whittngton et al.
1981; Katsura et al. 1996; Sato and Beaudoin 2011;
Spragg et al. 2013), both temperature and moisture con-
tent have a significant influence on the electrical con-
ductivity of concrete. Weiss et al. (2012) suggested the
relationship between electrical conductivity and degree
of saturation of concrete under normal temperatures
considering the porosity, connectivity of concrete and
chemical composition of the pore solution (modified
from the model of Archie (1942) in soil science). Effect
of temperature on electrical conductivity of concrete has
also been studied by applying Arrhenius’s law (Chrisp et
al. 2001; Liu and Presuel-Moreno 2014). Wang et al.
(2014, 2015) observed the electrical resistivity change
in response to temperature and the change of ice nuclea-
tion temperature during FTCs. However, current studies
only focused on the effect of either moisture content or
temperature on the electrical conductivity of concrete
(Villagran Zaccardi et al. 2009). The combined effect of
moisture content and temperature on electrical conduc-
tivity should be clarified firstly if one wants to monitor
the ice formation process reliably based on the electrical
measurements.

In terms of estimating ice content based on electrical
measurement, Cai and Liu (1998) developed a simple
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model to predict the ice content by assuming that the
electrical resistance of the pore solution is constant and
is equal to the electrical resistance of the specimen,
however, in reality, the resistance of the specimen varies
against the temperature and moisture condition.
McCarter et al. (2015) also proposed a model to predict
the ice content based on electrical measurement with a
similar equation to Cai and Liu’s, but it considers the
effect of temperature on pore solution. Nevertheless, in
their study the contributions of porosity and connec-
tivity to the electrical conductivity of the specimen are
ignored and the ice formation process is instant rather
than continuous. Farnam et al. (2015) studied the elec-
trical response of mortar under FTC to detect the phase
change. In their study, a damage index based on the ra-
tio of electrical resistivity before and after FTC was
used to evaluate the frost damage of mortar with differ-
ent degrees of saturation. A comprehensive relationship
between the ice content and the electrical conductivity
of mortar considering the combined effects of moisture
and temperature has not been derived.

The purpose of this paper is to derive a rational rela-
tionship between the ice content and the electrical con-
ductivity of mortar and to understand the ice formation
process in mortar under FTCs based on electrical meas-
urements. A better understanding of combined effects of
temperature and degree of saturation on electrical con-
ductivity is to be achieved. In addition to the combined
effects, with regard to serious damage of concrete after
repeated FTCs, the model is extended to multiple cycles
by considering the damage within each cycle. The re-
sults of this paper are of significance in predicting the
mechanical degradation of concrete under FTCs, as well
as life cycle of concrete structures in cold regions. Fur-
thermore, the knowledge of combined effects of tem-
perature and degree of saturation can also be used to
improve the understanding of hydration process of ce-
ment mortar by electrical monitoring the combined ef-
fects of temperature and moisture content.

2. Theoretical model for the combined
effects of temperature and moisture
content

The degree of saturation is an important factor for elec-
trical conductivity of concrete since it is related to the
electrical conductivity of pore solution, water filled po-
rosity and water connectivity, which are the dominant
factors of electrical conductivity. Recently, Weiss et al.
(2012) suggested a saturation function (Eq. (1)) to ac-
count for the electrical properties of partially saturated
concrete based on the fact that the water filled porosity
and water connectivity are proportional to a power law
function of degree of saturation, which was originally
developed in Archie (1942).

e st ()
o
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where o, is the electrical conductivity of partially satu-
rated concrete, o, is the electrical conductivity of fully
saturated concrete, S is the degree of saturation of con-
crete, n is the saturation coefficient which is determined
by two parts, the intrinsic properties of concrete such as
porosity and connectivity and chemical composition of
pore solution (Based on existing experimental data
(Weiss et al. 2012), for w/c=0.5, n of mortar approxi-
mately equals to 3.5). During freezing, water content
loss due to ice formation, concentration and conductiv-
ity of the pore solution increases. Since the parameter
‘n’ is related to pore solution composition which could
account for the nonlinear relationship between conduc-
tivity and concentration, as discussed in Weiss et al.
(2012), Eq. (1) can be used to estimate the degree of
saturation change based on the change of electrical con-
ductivity.

Temperature also has a significant effect on electrical
conductivity of concrete because it can change the mo-
bility of ions. Under high temperature, the ions are more
active, consequently the electrical conductivity is higher
and vice versa. Generally, researchers consider that the
Arrhenius equation (Egs. (2) and (3)) can be reliable in
describing the relationship between electrical conductiv-
ity and temperature (for temperature range of 0-50°C),
and it is less temperature dependent when the tempera-
ture is higher than 50°C(Spragg et al. 2013; Chrisp et al.
2001; Liu and Presuel-Moreno 2014). Moreover, with
regard to recent research results (Panchmatia ef al.
2014), the equation is also applicable under a tempera-
ture of -18°C, therefore, it is possible to use it for inves-
tigating ice formation process.

{5

o = Ae (2)
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where o is the electrical conductivity measured at the
absolute temperature I' (K), o, is the conductivity at
absolute reference temperature 7., the measured one
and the reference one are the same degree of saturation,
A is the nominal conductivity at infinite temperature
(T—>x) in S/m, E, is the activation energy for the con-
duction process in kJ/mol and R, is the universal gas
constant =8.314 J/mol/K.

The activation energy of concrete (E,) is the parame-
ter that determines the sensitivity of electrical conduc-
tivity of concrete with regard to temperature. However,
it is not a constant and increases with the decreasing of
degree of saturation from existing experimental obser-
vations (Chrisp et al. 2001). The value of E, has been
reported to range from 16.9 to 42.8 kJ/mol (Liu and
Presuel-Moreno 2014). In order to analyze the tempera-
ture effect on electrical conductivity of concrete quanti-
tatively and accurately, it is necessary to clarify the rela-
tionship between the activation energy and the degree of
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saturation.

For the above purpose, as derived in the Appendix,
the activation energy of partially saturated concrete can
be written as the following equations

R m[%]
E,, =) (A7)
v '
r T,
Ea,p = Ea,x - RgT;‘e/' ln (S” ) (A14)

where E,, is the activation energy of partially saturated
concrete for the conduction process and E, is the acti-
vation energy of fully saturated concrete for the conduc-
tion process. or, is the electrical conductivity of fully
saturated concrete at the absolute temperature 7, o, is
the electrical conductivity of fully saturated concrete at
the reference temperature 7.

Based on the above equation, the normalized electri-
cal conductivity (see Fig. 1) can be calculated as (see
detailed derivation in appendix)
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By reversing Eq. (A.15), we have the relative content
of unfrozen water (the same value as liquid saturation
degree during freezing and thawing) as

ofo, [52]
g="T1|r / R \T Ty 4
Orefs
During freezing the water transforms to ice. Since the
conductivity coefficients of ice (solid) and vapor are
very low compared to that of water (o;,=1~20 S/m,
0,,=10” S/m, ,,~10"° S/m (Rajabipour and Weiss
2007) and 6;,,~10° S/m (Petrenko 1993)), the conduc-
tivity is mostly determined by the conductivity of pore
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Fig. 1 The relationship between the electrical conductiv-

ity and degree of saturation.

Normalized electrical conductivity o /o

solution. Therefore, the degree of saturation can be con-
sidered as relative content of unfrozen water. The rela-
tive ice content / is then determined as

I~S,-8 (5)

where Sy is the initial saturation degree.

In addition, the frost damage may also affect the elec-
trical conductivity by altering the porosity and connec-
tivity of concrete, which makes the accuracy of the cal-
culated ice content with FTCs reduced. However, at this
stage, it is very difficult to quantitatively analyze the
frost damage based on temperature change. The internal
pore pressure in concrete can be calculated by ice for-
mation along with temperature change which could be
used for evaluating the damage, but once the damage
developed, the ice content estimation would be affected,
as a result, the damage cannot be evaluated accurately
with temperature. According to Gong ef al. (2015b),
during freezing, damage increases, while during thaw-
ing the damage rather remains, therefore a possible sim-
ple solution is to differentiate the freezing and thawing
process with and without considering damage evolution
based on the damage mechanisms difference, respec-
tively. In this case, the estimated ice content for multiple
cycles would be more accurate. But this is only a simple
approach for understanding the damage effect on ice
estimation. In order to analyze the damage development
quantitatively based on ice formation, it still needs fur-
ther investigation. With regard to the damage develop-
ment during freezing, the referenced electrical conduc-
tivity at i cycle may change with temperature after ice
formation until it reaches the referenced electrical con-
ductivity at i+1 cycle (see discussion in Section 4.5)
since it could be considered as a parameter to evaluate
the damage (Farnam et al. 2015). Thus, Eq. (4) is ex-
tended to the case of repeated freeze-thaw cycles as
follows

[E[l ! ﬂ
o Easf1 1
T, T, R, \T T,
Sy =n 7 . e "(6)
T-T,.
Oefys + T,-T, (U s~ Orefs )
E.(1 1
7, w1
= Orp {Ru (T Ty H
S, = L|——e " @)

Gﬂ.’/;u S

where S;» and S;r are unfrozen water content during
freezing and thawing at a certain i cycle, o, and
O.fi+1s are the electrical conductivity of fully saturation
concrete at the reference temperature before and after
the i cycle. Ty is the freezing point and 7} is the lowest
temperature (K).

3. Experimental methodology

3.1 Specimen preparation
Mortar specimens were prepared. The mix proportion is
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based on ACI Committee 211 (1991), in which the
coarse aggregate was not included. The w/c ratio is 0.5,
water is 207 kg/m’, cement is 414 kg/m® and fine aggre-
gate is 990 kg/m’. The materials used were Ordinary
Portland Cement with density 3.14 g/cm’®, fine aggre-
gate of 1.2 mm or less in size with density 2.67 g/cm’
and there is no admixture added. After proper mixing,
the specimens were cast into $50 mmx100 mm cylin-
ders and cured for 24 hours before demolding. Once the
specimens were demolded, they were cured under water
for 90 days at room temperature 23+2°C. The cured
specimens were oven dried at 105°C for 24 hours in
order to remove the evaporable water. Although there is
possibility that the specimens have initial damage when
the drying temperature was set 105°C, the oven-drying
induced damage is insignificant compared with further
frost damage according to the test results of Sicat et al.
(2013). Therefore, the estimated ice content based on
normalized electrical conductivity is still reasonable.
Then the specimens were submersed in water until mass
was constant to attain full saturation. Finally, the speci-
mens were sealed with polyvinylidene chloride plastic
(commonly known as Saran) and vinyl/mastic tape to
prevent moisture loss. Before conducting the electrical
measurements, the tape and Saran in the end of the cyl-
inder specimen were removed and thus the specimen
can contact with sponges.

3.2 Test method

In this test, we adopted end to end AC two point test and
referred to the setup of Spragg ef al. (2011), as shown in
Fig. 2(a). The cylinder mortar was placed inside of the
environmental chamber, two steel plate electrodes con-
nect with the alligators of a commercial resistivity meter
and the ends of the cylinder. The wet sponges, which
were saturated with 20%wt NaCl solution to have high
conductivity, were used between plate electrodes and
cylinder specimen for better contact. Moreover, because
the thinner the sponge is, the smaller the resistance

Environmental
Chamber External

Load

Wet
sponge

Specimen

Electrode

Temperature

sensor
E—

would be, the thickness of the sponge in this test is
about 2mm which is the thinnest found in the market
(see Fig. 2(b)). To assure a good contact between elec-
trodes and specimen, which may affect the resistivity
measurement significantly, external pressure of 6 kPa
was applied as an external mass on the top electrode, as
recommended by Newlands et al. (2008). Since the di-
rect current causes polarization effect which increases
the electrical resistivity, alternating current with a fre-
quency of 1kHz was chosen for measurement, as the
optimized frequency confirmed by McCarter et al.
(2015). The uniaxial resistivity of specimen was meas-
ured continuously by the resistivity meter and the data
was collected by computer automatically every 3 sec-
onds. Three specimens at the same condition were used
for testing and they were measured continuously for
hours to get stable values for each designed temperature
and obtain the exact value of activation energy of mortar
at saturation. The electrodes were sandblasted before
each measurement to assure that their resistance is the
same for different specimens. The electrical resistance
of the sponges was measured first because the resistance
of the sponges during the FTCs may influence the total
resistance.

3.2.1 Method of calculating the electrical con-
ductivity

Resistance of mortar was calculated based on the
method applied by Spragg et al. (2011). Since high ex-
ternal pressure was used in this test, there is not much
difference between top and bottom sponge resistance
and

R = Rmeasured _2Rsp(mge (8)
where R is the electrical resistance of mortar cylinder,
R,casuea 18 the measured value of the whole system and
Rponge 18 the electrical resistance of sponge.

AC device

(@)

Fig. 2 Setup of the test (a) Test setup (AC device is a commercial resistivity meter) (b) Details of the wet sponge.
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Fig. 3 Relationship between electrical conductivity and temperature at full saturation.

To consider the geometrical effect, the conductivity
of the specimen is

sl 1 L o
p KR aR

where p is the resistivity of the mortar, K is the geomet-
rical parameter, a is the cross-sectional area and L is the
length of the test specimen.

3.2.2 Freeze-thaw tests

As shown in Fig. 2, specimens were set in the environ-
mental chamber, which can control temperature and
relative humidity. The temperature history of the envi-
ronmental chamber was measured by a temperature sen-
sor recorded by computer. The temperature cycle (Sicat
et al. 2013) started at 10°C for 90 minutes, then de-
creased by 0.25°C per minute until it reached -28°C and
remained constant for 90 minutes, and then increased by

0.25°C per minute until the maximum temperature 10°C.

The FTC was repeated 3 times for three saturated
specimens. The detailed temperature history of one cy-
cle can be viewed from Fig. 4. The relative humidity in
the chamber at 10°C is around 90%. Since the speci-
mens were sealed during the test, the relative humidity
controlled in the environmental chamber had insignifi-
cant effect to the electrical conductivity of specimens.

4. Results and discussion

4.1 The activation energy at fully saturation

According to the theoretical model for calculating ice
content (Egs. (4) and (5)), only the activation energy at
full saturation (E, ) and the saturation coefficient () are
needed. The activation energy of the specimen is a pa-
rameter which can indicate the electrical conductivity’s
sensitivity to temperature, and highly depends on the
degree of saturation of the specimen and the material
properties. As shown in Fig. 3, although there is some
difference between each specimen, the electrical con-
ductivity and temperature show a linear relationship for
all three specimens with similar slope values. The acti-
vation energies of the three specimens at full saturation

-3.0
—a— Sample 1
—e— Sample 2
-3.54 —a— Sample 3
4.0
4.5
'5-0 T T T T
3.36 3.40 3.44 3.48 3.52 3.56
1000/Temperature (1000/K)
(b)
10° 20

£
=
e ~
s £
g 2
s s
z =
7
E : F-10 5.;
S ——Sponge g
E - Specimen L 20
D
=

Temperature:

.

T T T T T T
0 60 120 180 240 300
Time (minute)

T T
360 420 480

Fig. 4 Comparison of the electrical resistance of speci-
men and sponge under freeze-thaw cycle.

are all about 16kJ/mol, which was calculated from Eq.
(A.7) with regard to the measured electrical conductiv-
ity and temperature.

4.2 The electrical resistance of sponge under
FTC

As shown in Fig. 4, the electrical resistance of the
sponge was not constant along with temperature change
and it was observed negligible when the temperature is
higher than -20°C. To be more exact, at temperature
above zero, the electrical resistance of the wet sponge is
less than 2 Q. Due to the ice formation in the sponge at
temperatures below -20°C, the electrical resistance in-
creased exponentially though it was still very small
compared with the electrical resistance of mortar. By
subtracting the electrical resistance of the sponge (Eq.
(8)) from the measured total electrical resistance, correct
electrical resistance of mortar under FTCs was obtained.

4.3 The electrical resistivity of specimen under
FTCs

Due to complexity of measuring the inside temperature
of samples, only the temperature of sample surface was
measured, which was found to be the same as the set
temperature. According to the study of Hasan et al.
(2003), the temperature inside a concrete cylinder with
size of $100mm>200mm was rather uniform. Therefore,
the uniformly distributed temperature inside of the
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specimens was assumed in this paper because the sam-
ple size in this study is much smaller than Hasan’s case.
The resistivity of three specimens under three FTCs is
shown in Fig. 5. The electrical resistivity of specimens
changed dramatically in response to temperature change,
especially under lower temperature. If the temperature
variations are not the same during each cycle because of
the change of thermal conductivity coefficient caused by
frost damage, the electrical resistivity variations would
be also very different. However, as can be seen in Fig. 5,
the electrical resistivity becomes almost constant when
the temperature becomes 10°C, which means that the
temperature hysteresis change due to the frost damage
was negligible. In addition, the temperature variation of
concrete samples with FTCs was measured in
(McCarter et al. 2015). Their temperature hysteresis
results show little difference between two temperature
cycles, which can also confirm that the change of ther-
mal conductivity coefficient is not obvious after one
cycle of frost damage. So it is reasonable to use the set
temperature as the index of the temperature of the sam-
ple. Although there is a slight difference in resistivity
between the three specimens at 10°C, their variation
tendencies are almost the same, which means they have
the similar ice formation process. The difference may be
due to the testing scatter. The sample 3 may be slightly
less porous or have lower degree of saturation than the
other two. As a result, it has less frost damage and the
difference becomes larger with increasing numbers of
the cycles. Because the three specimens show very simi-
lar results, only the result of sample one is presented in
detail in Fig. 6 for the electrical resistivity change dur-
ing freezing and thawing process for each cycle. When
the temperature is above 0°C, the logarithm of electrical
resistivity is in linear relationship with temperature
which means the change is simply due to the tempera-
ture variation, there is no ice formation. When the tem-
perature drops below about -7°C, the resistivity starts to
increase sharply. This turning point may be interpreted
as the freezing point, while the turning point of resistiv-
ity with temperature increasing at the thawing phase can
also be interpreted as the thawing point. For three
freeze-thaw cycles, the freezing point increases with
cycles while the thawing point decreases, which was
also observed by Wang ef al. (2014) (see details in the
Fig. 7). Generally, the freezing point of mortar is below
0°C, which may be due to the supercooling nature of
mortar (Sun and Scherer 2010b). Because the supercool-
ing phenomenon is a random phenomenon (Zeng et al.
2015), from the statistical point of view, the freezing
point change tendency needs further experimental con-
firmation. In a short temperature range after the freezing
point, the logarithm of electrical resistivity is in linear
increasing, which means the resistivity difference is
mainly due to temperature change. However, with fur-
ther changing of temperature, the nonlinearity of resis-
tivity curve is more obvious, which indicates that the ice
formation is continuous under lowering temperature due

to pore radius variation (water filled in smaller pores
has lower freezing point) resulting in continuous de-
crease in liquid saturation rate. If the ice formation is
instant at a certain temperature rather than being con-
tinuous, after a sudden change of slope, the curve is
supposed to be linear. At the lowest temperature, the
resistivity still increases to some extent, which may be
caused by water re-distribution at the maintained tem-
perature. Since the chemical potential difference caused
by ice formation may induce the water to flow from
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Fig. 5 Electrical resistivity changes under three freeze-
thaw cycles.
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Fig. 6 Electrical resistivity changes under freezing and
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Fig. 7 Freezing and thawing points of specimens with
FTCs.
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smaller pores to bigger pores, the ice formation could
continue even under the constant temperature. As a re-
sult, the electrical resistivity would increase due to the
reduced liquid saturation degree. During the thawing
process, the curve seems smoother than the freezing
process because there is no supercooling effect, but the
thawing point is higher than 0°C which may be due to
the size of specimen. Owing to the temperature hystere-
sis, the smaller the specimen size, the closer of the
thawing point to 0°C. This is because the heat needs
time to be transferred, if the specimen is pretty large. It
may take a certain time to achieve 0°C at the center of
the specimen for thermal conducting. Therefore, the
temperature at the surface of the specimen may be very
different from 0°C.

4.4 Estimation of ice content in mortar under
FTCs

Equations (4) and (5) are used for calculation of ice con-
tent, in which the activation energy at full saturation
(16kJ/mol) was obtained from our previous test as
shown in Section 4.1 and the saturation coefficient ap-
proximates to 3.5 (referred to Weiss ef al. (2012)). From
the results shown in Fig. 8 and Fig. 9, under freezing,
the relative ice content increases continuously after ice
formation starts, reaching around 0.5 at -28 ‘C. When the
temperature was kept at -28°C, the ice content still has a
slight rise. This is mainly due to the unfrozen water re-
distribution as a result of the chemical potential differ-
ence in pores with ice formation. During the thawing,
the amount of ice content is higher than that of the
freezing process at the same temperature, which is
probably because of the natural supercooling effect of
the porous medium. To be more precise, water in some
of the pores reached the freezing point cannot form to
ice due to lacking of ice nucleation crystals during
freezing. However, this kind of phenomenon would not
happen during thawing, which will result in the ice
amount difference between the two processes. The theo-
retical result from ice formation analysis (Gong et al.
2013) based on thermodynamics and pore size distribu-
tion information of mortar (Gong et al. 2014) is also

0.6 : ;
1Meyele
nd
0.5 PNK . ——2" cycle
%\\m ——— 3" cycle
- \\ -~ —o— Theoretical result
§ 0.4 ANROY
g \‘ NN hawin
S RN\ &
8 0.3 \\ N\ S
P NN
£ 02 - N\
3 Freezing \ N\
2 i ANRERNR R
0.1 \ \
0.0 : \

30 25 20 -15 -10 -5 0 5 10
Temperature ('C)
Fig. 8 Estimation of relative ice content in case of n=3.5
(Weiss et al. 2012).

presented in Fig. 8. It seems the theoretical result agrees
reasonably well with the test results if we exclude the
supercooling effect, which was not considered in the
theoretical results in this study. The ice content variation
with FTCs is shown in Fig. 9. From the results of the
three specimens, they show almost the same change
with temperature, which confirms that the proposed
method to estimate ice contents is reliable.

After revealing the ice formation process in mortar
with electrical measurements, the results were compared
with existing test results. Data from Sun and Scherer
(2010b) was used for comparison. The study of Sun and
Scherer applied a differential scanning calorimeter
(DSC) to obtain the amount of ice formation in the mor-
tar. It can be seen from Fig. 10(a) that the shapes of
results from Sun and Scherer and our test results are
similar for freezing and thawing stages. The difference
probably is due to different curing conditions and
specimen sizes. Firstly, specimens from Sun and
Scherer were immersed into limewater for six months
before the test while our specimens were cured under
tap water. This means our specimens would be more
porous because of Ca” leaching. Even though the w/c of
Sun and Scherer’s specimens is 0.55, the maximum
value of ice content is still lower than our case
(w/c=0.5). Secondly, the specimen Sun and Scherer
used is 5 mmx5 mmx1 mm disk whereas our specimen
is $50 mmx100 mm cylinder. The reason why our
specimen shows the greater difference between freezing
and thawing points is the larger specimen size. The re-
sponse to temperature difference, in other words, tem-
perature hysteresis takes longer time. This point can also
explain why there is slight increase in ice content during
constant lowest temperature.

In addition, the relative ice content of mortar speci-
mens with different degrees of saturation under freezing
and thawing from test results of Farnam et al. (2015)
was calculated by the proposed model. Farnam et al.
(2015) also tested the electrical response of mortar un-
der FTC but they used a nickel conductive coating to
reduce the interface effect between electrodes and
specimen instead of wet sponges. Besides, by following
ASTM C305-12, the mortar samples were sealed to cure
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Fig. 9 Estimation of relative ice content with FTCs.
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for 28 days. Since they used relatively small size speci-
mens (25.4 mmx25.4 mmx50.8 mm) in comparison
with our specimen, the difference in relative ice content
between freezing and thawing process is smaller than
our case as shown in Fig. 10(b). Because the energetic
barrier to nucleation may vary with sample sizes (Sun
and Scherer 2010a), the ice formation processes varied
accordingly. Although the shape and the tendency of the
curves are similar, the maximum relative ice content in
Farnam et al’s test is less than 0.5 for a fully saturated
specimen. The reason may be explained by the lower
water to cement ratio (0.42).

Furthermore, the calculated relative ice content of the
different saturated specimens are shown in Fig. 11(a)
and compared to the theoretical results (w/c=0.42 was
used) from Gong et al. (2013) in Fig. 11(b) for the
freezing process. It seems that the results have an ac-
ceptable agreement. Even though there is a slight differ-
ence at temperature near to the freezing point due to
supercooling effect and lower than -20°C due to possi-
bly ice percolation, the model can reasonably predict the
ice formation in partially saturated cases.
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4.5 Estimation of ice content with consideration
of frost damage

It is common understanding that the frost damage may
change the microstructural characteristics of mortar (e.g.
porosity and connectivity), therefore electrical resistiv-
ity of mortar may be affected as well. As a consequence,
electrical conductivity of fully saturated mortar at the
reference temperature o,.,, activation energy of fully
saturated concrete for the conduction process E,; and
saturation coefficient n (see Eq. (1)) would be different
before and after FTC. Among them, £, and n are corre-
lated with o,,;. Therefore, the change of o,.;; may repre-
sent the damage effect and this is the basic concept for
Eq. (6). The frost damage does not suddenly happen but
is accumulated with FTCs, which needs cycles to be
serious. It may be ignored within one cycle for estimat-
ing relative ice content. As it is shown in Fig. 12 where
the electrical data is cited from Farnam et al. (2015),
and the damage evolution is assumed to be linear with
temperature variation during freezing phase, the esti-
mated relative ice content with and without considering
frost damage does not show much difference within one
cycle. To evaluate ice content more precisely during
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Fig. 10 Comparison ice content of mortar obtained from (a) electrical test (authors’) and calorimetric test (Sun and
Scherer, 2010) and (b) electrical test (authors’ and Farnam et al., 2015) (calculated by the author’s model).
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Fig. 11 Calculated relative ice content from electrical test results of Farnam et al. (2015) by using authors’ model (a)
Relative ice content of different degree of saturation under freezing and thawing (b) Comparison of the test results and

theoretical results from Gong et al. (2013a).
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Fig. 12 Calculated relative ice content from test results
(fully saturated case) of Farnam et al. (2015) by using
authors’ model with and without considering frost dam-
age development.

thawing process, we need for further experimentation to
investigate the effects of damage on electrical conduc-
tivity. And further verification is necessary under multi-
ple FTCs.

5. Conclusions

(1) The combined effect of temperature and moisture
content on electrical conductivity of concrete is ex-
plained from a theoretical point of view. Under
freezing conditions, the two effects both play sig-
nificant roles in the electrical behavior of concrete
and the interactive effect is more obvious under
higher temperatures and higher degrees of satura-
tion. In this study, the relationship between the ac-
tivation energy and the degree of saturation is de-
rived. A method to estimate the ice content based
on electrical measurements is proposed considering
the coupled effect of temperature and moisture
content. Although the ice formation in partially
saturated specimens was calculated for one cycle
based on the test results of Farnam et al. (2015),
the proposed model still needs further experimental
study with multiple FTCs for the verification of
applicability.

(2) Based on the proposed method, the relative ice
content of mortar is estimated by conducting the
electrical test. The test results of three samples dur-
ing FTCs are consistent and the ice formation
process is continuous with temperature variation,
which means the proposed test method is reliable
and repeatable. The freezing point of specimen is
increasing with cycles while the thawing point has
an opposite tendency. In addition, during FTCs, the
relative ice content (the mass ratio of frozen water
content to the total water content in mortar) during
thawing is higher than that of freezing under the
same temperature. The maximum value for the
samples is around 0.5 at temperature -28°C. These
results can be useful for the prediction of frost

damage of concrete (Gong et al. 2015a).

(3) The calculated ice content from the developed
model is compared with theoretical result from
thermodynamic analysis and found in acceptable
agreement with each other. The calculated ice con-
tent is also compared with existing experimental
results of other researchers’, which were based on
calorimetric test and electrical test data interpreted
with this study’s model. The shape of ice content
and temperature curves looks similar. The differ-
ence in ice contents between our test and the exist-
ing tests can be explained by difference in material
properties and curing condition. The frost damage
of mortar to electrical conductivity is also dis-
cussed and concluded that the damage effect may
be ignored within one FTC for estimating ice for-
mation because the frost damage is cumulative and
it is not so significant for a cycle. These verify the
reliability and applicability of the proposed model.
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Appendix. Normalized electrical conductivity
(o7,0/ Oret;s)

Normalized electrical conductivity oy,/c,., (electrical
conductivity of partially saturated specimen at tempera-
ture 7 slash electrical conductivity of fully saturated
specimen at reference temperature 7, is vitally impor-
tant for estimating the ice content and it can be derived
as following

g,
L= (A1)
Grej/’,s
o-T o-T O-T

sP — sP — — P 'Sn (A.2)
Grgf K3 O-rgf P ’ S GV ef.p

where o, is the electrical conductivity of fully satu-
rated concrete at the reference temperature 7.5 0., iS
the electrical conductivity of partially saturated concrete
at the reference temperature (the same degree of satura-
tion with measured one at temperature 7 (K)) and o7, is
the electrical conductivity of partially saturated concrete
at the absolute temperature 7.

By substituting of Eq. (3) into (A.2), the normalized
electrical conductivity would be

gizi%%ﬂﬂsn (A3)
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where E,, is the activation energy of partially saturated
concrete for the conduction process.

From Eq. (A.3), the activation energy of partially
saturated concrete for the conduction process may be
calculated as following

it e
o LR\ Tl ZTr g (A4)
O-ref,s
E o}
opf 11 :ln(S")—ln —Lr (A.5)
R N\T T, Orofs
R o
E,,=—"—|In(8")-In| "~ (A.6)
1o T
T Trct
When saturation degree S=1, then
R, 1n(0” ]
E, =) (A7)
AR '
T T

ref

where E,; is the activation energy of fully saturated
concrete for the conduction process, o7, is the electrical
conductivity of fully saturated concrete at the absolute
temperature 7.

Egs. (A6)and (A7) are functions to calculate the acti-
vation energy only. Although there is a temperature pa-
rameter in the equations, it does not mean that the acti-
vation energy is dependent on temperature since o7, and
or, will change with temperature so the temperature
parameter can be removed finally.

Besides, the normalized value oy,/0,.; can also be
calculated based on Eq. (2) directly:

[%J (A.8)

o, ,=4,e

o = e[RET) (A.9)

ref s s

where A4, is the nominal conductivity at infinite tem-
perature at the measured degree of saturation, 4; is the
nominal conductivity at infinite temperature at the fully
saturation.

From Liu and Presuel-Moreno (2014), the value of 4
fluctuates with different degrees of saturation was found,
but the difference was not significant (see details in
(Wang et al. 2014)). So this value is assumed to be con-
stant. By dividing Eq. (A.8) with Eq. (A.9), if 4,=4; is
assumed here, then

{E o s ]
o N
T.p —e R Ryl

o-re/ K

(A.10)

By combining Egs. (A.3) and (A.10), the relationship
between activation energy for fully saturated and par-
tially saturated specimen may be rewritten as following

Eap(1 1 N Eap  Eas
R, \T Ty S = R,T R,Ty

e (A.11)
R,T R, R,T R,T,, n
T =S (A.12)
M =g (A.13)
E,,=E, —RT,In(S") (A.14)

Finally, by substituting Eq. (A.14) into Eq. (A.3), the
normalized electrical conductivity is

| Eas Ry l“(sﬂ){LL}
Tre b g (A.15)
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Notations

o, :Electrical conductivity of partially saturated
concrete (S/m)

Ops :Electrical conductivity of fully saturated con-
crete (S/m)

o :Electrical conductivity at the absolute tempera-
ture 7 (K) (S/m)

Oref :Electrical conductivity at absolute reference
temperature 7., (the measured one and the ref-
erence one are the same degree of saturation)
(S/m)

Orefss :Electrical conductivity of fully saturated con-
crete at the reference temperature 7., (S/m)

O.ns .Electrical conductivity of fully saturation con-
crete at the reference temperature before the i
cycle

O.i+1s .Electrical conductivity of fully saturation con-
crete at the reference temperature after the i
cycle

Orefp :Electrical conductivity of partially saturated
concrete at the reference temperature 7., (S/m)

orp :Electrical conductivity of partially saturated
concrete at the absolute temperature 7' (S/m)

T :Reference temperature (K) (296K in this pa-
per)

T :Measured absolute temperature (K)

Tr ‘Freezing point (K)

T :Lowest temperature (K)

S :Degree of saturation of concrete

o

measured *

xR

sponge

N "D

:Unfrozen water content during freezing at a

certain i cycle

:Unfrozen water content during thawing at a

certain i cycle

:Saturation coefficient which is determined by

the intrinsic properties of concrete such as po-
rosity and connectivity and chemical composi-
tion of pore solution

:Nominal conductivity at infinite temperature

(T—>oc)(S/m)

:Nominal conductivity at infinite temperature

with partially saturation (S/m)

:Nominal conductivity at infinite temperature

with the fully saturation (S/m)

:Universal gas constant (8.314 J/mol/K)
:Activation energy for the conduction process

(kJ/mol)

:Activation energy of partially saturated con-

crete for the conduction process (kJ/mol)

:Activation energy of fully saturated concrete

for the conduction process (kJ/mol)

:Electrical resistance of mortar cylinder ()

Measured value of the whole system (Q2)

:Electrical resistance of sponge (2)
‘Resistivity of the mortar (Q2.m)
:Geometrical parameter
:Cross-sectional area (m?)

:Length of the test specimen (m)



