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a b s t r a c t

ASTM C1585 is commonly used to determine the absorption and rate of absorption of water in unsatu-
rated hydraulic cement concretes. Unfortunately, a wide range of relative humidities can exist in the sam-
ples after this relatively short conditioning period and such variation may considerably influence the test
results. Three main variables were studied in this program: the water to cement ratio, the paste volume
fraction, and the effect of sample conditioning. The results confirm that water absorption testing is con-
siderably influenced by sample preparation. Samples conditioned at 50% relative humidity can show up
to six times greater total absorption than similar samples conditioned at 80% relative humidity. Samples
that were conditioned in the oven at 105 �C do not appear to follow a similar trend when compared with
specimens conditioned in chambers at lower temperatures for a longer duration. The absorption is also
influenced by the volume of paste in the samples. The experiments show that a lack of control on mois-
ture content or lack of consideration of the material composition may lead to a misunderstanding of the
actual absorption behavior.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The durability of concrete subjected to aggressive environments
depends largely on transport properties, which are influenced by
the pore system [1–7]. Three main mechanisms govern transport
in cementitious systems: permeability, diffusion and absorption.
Permeability is the measure of the flow of fluids under a pressure
gradient, while diffusion is the movement of ions due to a concen-
tration gradient. Absorption can be described as the ability to take
in water by means of capillary suction. All three mechanisms are
heavily influenced by the volume of pores as well as the connectiv-
ity of the pore network. A large fraction of concrete in service is
only partly saturated and the initial ingress of water and dissolved
salts is influenced, at least in part, by capillary absorption [7]. As
such, water absorption has been used as an important factor for
quantifying the durability of cementitious systems [4–11]. Water
absorption is the primary focus of this study since it is being
increasingly used by specifiers and in forensic studies to provide
a parameter that can describe an aspect of concrete durability. It
is also important that these properties be adequately described
for use in service life models [6,11].
ll rights reserved.
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1.1. Water absorption test

ASTM C1585 [1] is commonly used to determine the absorp-
tion and rate of absorption (commonly referred to as sorptivity)
of water in unsaturated hydraulic cement concretes. This test
method, based on work reviewed by Hall [12], consists of
preconditioning cylindrical samples (200 (51 mm) in thickness
and 400 (102 mm) in diameter) to a known moisture content, then
exposing the bottom surface of the sample to liquid water and
measuring the increase in mass resulting from water absorption.
According to the standard conditioning procedure, samples are
conditioned for 18 days. This conditioning period begins by first
placing the sample in a 50 �C and 80% relative humidity (RH)
environment for 3 days. The samples are then removed from this
environment and placed in individually sealed containers where
they remain for a minimum 15 days at 23 �C, to allow internal
moisture to redistribute throughout the specimens before the test
begins.

The absorption test involves recording incremental mass
change measurements at relatively frequent intervals during the
first 6 h after the sample comes in contact with water and subse-
quently taking one measurement every day for the next 8 days.
The amount of absorbed water is normalized by the cross-section
area of the specimen exposed to the fluid using Eq. (1):

i ¼ mt

ða � qÞ ð1Þ

http://dx.doi.org/10.1016/j.cemconcomp.2011.05.007
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where i is the normalized absorbed fluid volume, mt is the change in
specimen mass at time t; a is the area of the specimen exposed to
the fluid (i.e., that of the bottom face), and q is the density of the
absorbed fluid (taken to be 1000 kg/m3 at 23 �C for water).

These absorbed fluid volumes are then plotted as a function of
the square root of time. The initial sorptivity is determined as
the slope of the curve during the first 6 h, while secondary sorptiv-
ity is determined using the slope of the same measurements be-
tween 1 and 8 days, as outlined in ASTM C1585 [1]. It should be
noted that these times work well for water though they may not
work as well for other fluids with different surface tension and/
or viscosity [13].

The initial and secondary sorptivities can be used to evaluate
the connectivity of the pore network [9]. Additionally, the second-
ary sorptivity, combined with exposure conditions, has been used
for performing service life predictions [11].
1.2. The role of the relative humidity

Water ingress in unsaturated concrete is dominated by capillary
suction upon initial contact with water [7,12–18]. Capillary
absorption can be related to the volume of the pores and pore size
distribution, as well as the size (i.e. radius) of the partially empty
capillary pores (Fig. 1a). The relation between the equilibrated rel-
ative humidity and the radius of the smallest empty pore is given
by the Kelvin-Laplace equation (Eq. (2)).

LnðRHÞ ¼ 2rVm

rmRT
ð2Þ

where: RH is the relative humidity, r is the surface tension of water
(pore solution), Vm is the molar volume of water, rm is the average
radius of curvature, R is the universal gas constant, and T is the
absolute temperature.

It should be noted that this expression is simplified as it does
not consider the effect of water that is absorbed on the walls of
the pores. Largely the concrete community has considered two
sizes of pores as introduced by Powers [19]. The gel pores are con-
sidered to be small pores (<10 nm diameter) that are a part of the
hydration products. Capillary pores are larger pores that occur due
to excess water. Capillary porosity is particularly of concern in
transport, as is the interconnectivity of the capillary pores.

Fig. 1b shows a conceptual illustration based on Powers [19]
that uses a desorption isotherm to illustrate the volume of water
located in the different size pores at different relative humidities.

The relative humidity used to condition the sample prior to
the sorption test can have a significant impact on the results
[1]. Previous test results by Parrot [20,21] indicated that the
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Fig. 1. Relation between relative humidity an
water absorption rate was very sensitive to the moisture content
of the concrete, particularly at relative humidities above 60%
which were common for field exposure. Water leaves the largest
accessible pores first. It can be seen from Fig. 1b that capillary
pores occupy the range of humidity from approximately 80% to
100% RH. As such, initially upon drying water leaves the capillary
pores. The lower the relative humidity, the greater the total vol-
ume of pores that are empty and available to be filled with water
during the sorption test. Further, the lower humidity will empty
smaller pores, creating a higher suction force in the materials
and resulting in a greater sorption rate and a larger overall total
absorption.

According to ASTM C1585, the standardized test conditioning
will generally provide an internal relative humidity similar to rel-
ative humidities found near the surface in some field concrete
structures [1,22,23]. This range of relative humidities can represent
what is found in samples in the field; however, it is wide enough to
considerably affect the test results.

Castro et al. [24] shows that the relative humidity of samples
that were kept in the field under different exposure conditions
was in the range of 80–100% depending on the type of exposure,
which is somewhat higher than what is mentioned in ASTM C1585.
1.3. Research objectives

The objectives of this research are threefold. First, this research
will examine the influence of conditioning relative humidity (oven
dry, 50%, 65% and 80% RH) on the results of sorption tests per-
formed on mortars with different w/c, containing a fixed volume
of aggregate. Second, this research will examine the influence of
the volume of aggregate (or equivalently the paste content) on
the results of sorption testing. Third, this research will examine
the effect of the conditioning method specified in ASTM C1585-04.
2. Materials

An ASTM C150 Type I ordinary portland cement (OPC) was used
in this study, with a Blaine fineness of 370 m2/kg and an estimated
Bogue composition of 56% C3S, 16% C2S, 12% C3A, 7% C4AF and a
Na2O equivalent of 0.68% by mass.

A polycarboxylate-based high-range water-reducing admixture
(HRWRA) was added in varying rates as indicated in Table 1,
depending on the mixture proportions, to maintain similar consis-
tencies (i.e., workability). The sand used was natural river sand
with a fineness modulus of 2.71, an apparent specific gravity of
2.58, and a water absorption of 1.8% by mass.
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Table 1
Mixture proportions in saturated surface dry (SSD) conditions.

Material 55/0.35 55/0.40 55/0.45 55/0.50 45/0.50 35/0.50

Volume fraction of aggregate 55% 55% 55% 55% 45% 35%
w/c 0.35 0.40 0.45 0.50 0.50 0.50
Cement (kg/m3) 673 626 585 549 671 793
Water (kg/m3) 235 250 263 275 336 397
Fine aggregate (kg/m3), SSD 1442 1442 1442 1442 1180 918
HRWRA (g/100 g cement) 0.60 0.40 0.20 0.00 0.00 0.00
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Fig. 2. Desorption curves for 14 months mortar samples (typical standard deviation
in the average of three samples is lower than 0.2%).
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2.1. Mixture proportioning

Six different mixtures were prepared in total. Four of the mix-
tures were mortars with a single volume fraction of fine aggregate
(55% of the total volume) and different w/c (0.35, 0.40, 0.45, and
0.50). These mixtures were designated as 55/0.35, 55/0.40, 55/
0.45 and 55/0.50, with the number on the left representing the vol-
ume fraction of fine aggregate and the number on the right repre-
senting w/c. Additionally, two other mortars were prepared with
w/c of 0.50, but with different volume fractions of fine aggregate
(35% and 45% of the total volume). They were designated as 35/
0.50, 45/0.50. A list of the mixture proportions can be found in Ta-
ble 1.

2.2. Mixing procedure

The mixing procedure used for the mortar was in accordance
with ASTM C192-06 [25]. The aggregate was oven dried and cooled
for 24 h before mixing. The volume of water was corrected by the
absorption of the aggregate. The water and cement were condi-
tioned for 24 h at room temperature prior to mixing.

3. Experimental method

Six 100 mm � 200 mm cylinders were cast for each mixture.
After 1 day of curing, the samples were demolded and then sealed
in double plastic bags for sealed curing. Bags were stored in a room
at 23 ± 1 �C until samples reached an age of 28 d. After that, cylin-
ders were removed from bags and three 50 mm ± 2 mm thick sam-
ples were cut from the central portion of each cylinder with a wet
saw using water as the cooling fluid.

After cutting, samples were conditioned by placing them in
environmental chambers at 23 ± 0.5 �C. Specimens from mixtures
55/0.35, 55/0.40, 55/0.45 and 55/0.50 were placed in environmen-
tal chambers at three different relative humidities (50 ± 1%, 65 ± 1%
and 80 ± 1%). Specimens from mixtures 35/0.50 and 45/0.50 were
placed in an environmental chamber at 50 ± 1% relative humidity.
Samples were kept in the environmental chamber until they
reached mass equilibrium, defined as a mass change of less than
0.02% over a 15 day period. Mixture 55/0.35 placed at 50 ± 1% rel-
ative humidity required the longest period of time (14 months) to
reach mass equilibrium. However, all samples were maintained in
the chambers for 14 months to test them all at the same age.

Additional specimens from mixtures 55/0.35, 55/0.40, 55/0.45
and 55/0.50 were placed at 50 ± 1% RH. After the 14 months, these
specimens were dried in an oven at 105 ± 2 �C until they reached
mass equilibrium.

Once the samples were removed from the chambers or from the
oven, the side surface (i.e. outer circumference) was sealed with
epoxy. A section of plastic is clamped to the surfaces during the
application of epoxy to keep the surfaces clean. This also helped
to limit drying during the curing process. After the epoxy was
dry, the top surface was covered with plastic to avoid evaporation
from the sample during testing. After the samples were prepared,
testing occurred in accordance with ASTM C1585-04 [1].
Specimens from mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50
were tested over a period of 90 days. Specimens from mixtures
35/0.50 and 45/0.50 were tested over a period of 8 days.

Two additional 100 mm � 200 mm cylinders were cast for each
mortar mixture. After 1 day of curing, the samples were demolded
and then sealed in double plastic bags for sealed curing. Bags were
stored in a room at 23 ± 1 �C until samples reached an age of 28 d.
After that, cylinders were removed from bags and 10 mm ± 2 mm
thick samples were cut from the central portion of each cylinder
with a wet saw. After cutting, mortar samples were vacuum satu-
rated for 24 h. After that, specimens were placed in environmental
chambers at six different relative humidities (93 ± 1%, 87 ± 1%,
80 ± 1%, 75 ± 1%, 65 ± 1% and 50 ± 1%) to determine their desorp-
tion isotherms.
4. Experimental results and discussion

4.1. Desorption isotherms

Fig. 2 shows the desorption isotherm curves measured using
10 mm thick samples. Mass change was monitored at regular inter-
vals until it reached equilibrium, defined as a mass change of less
than 0.02% over a 15 day period. At the end, all samples were oven
dried to express water absorption in terms of the dry mass of the
sample.

It can be noticed that while the values of the moisture content
are similar at 50% and lower RH (lower RH results not shown in
Fig. 2), as it refers to the small gel pore system [19], the capillary
pores at high RH are strongly influenced by the w/c.
4.2. Effect of initial conditioning on water absorption tests

4.2.1. Effects of relative humidity on sorption test
Fig. 3 shows the absorbed water during the 90 days of testing

performed on mortars conditioned at different relative humidities
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Fig. 3. Absorbed water in mortars as a function of relative humidity (a) mixture 55/0.35, (b) mixture 55/0.40, (c) mixture 55/0.45, (d) mixture 55/0.50. Error bars represent
the standard deviation for the average of three samples.
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(mixtures 55/0.35, 55/0.40, 55/0.45 and 55/0.50). It can be noticed
that the water absorption is very sensitive to the relative humidity
at which the specimens were pre-conditioned before testing. In
each case, as the conditioning relative humidity increases, more
water is retained in the pore system and thus the absorption
decreases.

These results can be viewed in a slightly different manner if
they include the initial amount of water held in the pores before
the test. In order to do this, samples were oven dried at the end
of the sorption test to calculate the amount of water they held be-
fore starting the test. Additional specimens that were kept at
50 ± 1% RH during the 14 months were oven dried and then satu-
rated by the procedure described in ASTM C642-07 [26] to mea-
sure the total amount of interconnected porosity in the systems.
Results from Fig. 3 were then normalized by the total amount of
pores in the system, which can be viewed as the degree of satura-
tion of the sample as a function of time. This is presented in Fig. 4.
Fig. 5 shows the total degree of saturation for the samples after
90 days.

Figs. 4 and 5 show that samples prepared at different relative
humidities with a low w/c (e.g. w/c = 0.35) do not reach values near
to saturation even after 90 days of being in contact with water. It
may be attributed to the refined pore network of this low w/c sys-
tem which makes it difficult for water to move through the sample
to fill all the pores. This is commonly referred to as depercolation,
which occurs after different hydration times for different w/c [27].

In contrast after 90 days, samples prepared with a higher w/c
(e.g. w/c = 0.50) reach much higher levels of saturation. It can be
noted from Fig. 4 that samples conditioned at 50% RH reach values
near saturation after about 40 days of testing, similar to what is ob-
tained with oven dry samples. Again this may be attributed to the
connectivity of the pore network and the size of these pores. In this
case, a more interconnected pore network will facilitate the move-
ment of water to the interior of the specimens and the diffusion of
water vapor out of the sample. However, when these samples were
conditioned at higher relative humilities (65 and 80% RH), the
amount of initially retained water is high enough to reduce the dif-
fusion of vapor out of the sample. As a result, this may explain why
the level of saturation of these specimens is lower.
4.2.2. Effects of relative humidity on the amount of absorbed water
after 8 days

Fig. 6 shows the cumulative water that was absorbed after
8 days of testing performed on mortars conditioned at different
relative humidities, expressed as a function of w/c (Fig. 6a) and
as a function of the relative humidity (Fig. 6b).

Fig. 6a shows that mixture 55/0.50 can exhibit six times higher
absorption when the samples are conditioned at 50% RH compared
with similar samples conditioned at 80% RH.

Fig. 7 shows a normalization of the data presented in Fig. 6. In
Fig. 7a the normalization is made with respect to the absorption
of samples with w/c = 0.35 (mixture 55/0.35). In Fig. 7b the nor-
malization is made with respect to the absorption of samples con-
ditioned at 50% relative humidity. It can be seen that the values
follow a consistent trend in each case, except for the oven dry sam-
ples. This is in general agreement with the parallel nature of the
desorption isotherms for the mortars provided in Fig. 2.
4.2.3. Effects of relative humidity on initial sorptivity
Fig. 8 shows the initial sorptivity calculated as the slope of the

absorption vs. the square root of time during the first 6 h of test [1].
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Fig. 8a shows that mixture 55/0.50 can exhibit a ten times high-
er initial sorptivity when the samples are conditioned at 50% RH
compared with similar samples conditioned at 80% RH.

It needs to be noted that the oven dry samples show a much
higher initial sorptivity, due to the fact that the gel’s capillary pores
are empty. It is also possible that the samples exhibit microcrack-
ing around the aggregates due to differential thermal expansion
and contraction which may result in the aggregate restraining
paste movement. This would be in addition to any microcracking
caused by moisture gradients that may occur in the samples that
have dried. During drying, the paste may contract much more than
the aggregates that do not really lose moisture or at least not as
much moisture loss. Even with some moisture loss from the aggre-
gate, they would likely shrink much less than the surrounding
paste due to their higher modulus. While the increase in sorptivity
is observed to be linear for the specimens conditioned at 50%, 65%
and 80% relative humidity, this trend appears to break down for
the oven dry samples which may be attributed to increased mi-
cro-cracking generated during the sample preparation [28–32].

4.2.4. Effects of relative humidity on secondary sorptivity
Fig. 9 shows the secondary sorptivity calculated as the slope of

the absorption vs. the square root of time between 1 d and 8 d of
testing. Trends are similar to those observed for the initial sorptiv-
ity. However, it needs to be noted that samples that were oven dry
prior to the test present a considerably lower secondary absorption
with respect to the samples conditioned in environmental cham-
bers. This may be explained by the high initial absorption of the
oven dry samples shown in Fig. 8. During this initial absorption
it can be noticed that since a majority of the water was already ab-
sorbed in the first hours of the test, the secondary rate of absorp-
tion will be much lower. It can also be expected that
microcracking enabled a more rapid ingress of water [33].

Fig. 9 shows a similar trend to what was noted in the case of to-
tal absorption and initial sorptivity, namely that the secondary
sorptivity of samples conditioned in chambers exhibits a consis-
tent trend when the results are plotted against the w/c or the rel-
ative humidity at which samples were conditioned. However,
samples that are conditioned by drying them in an oven at
105 �C do not follow the same tendency.
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4.3. Effects of initial moisture of samples on ASTM C1585 conditioning
method

At the age of 24 months, samples from each mixture condi-
tioned at the three different relative humidities were removed
from the chambers. The side surface was sealed with epoxy to be
then ‘‘re-conditioned’’ using the 18 day procedure described in
ASTM C1585. In addition, three other samples from each mixture
were saturated following the procedure described in ASTM C642
[26], to then be ‘‘re-conditioned’’ following the same 18 day proce-
dure. While such a resaturation procedure was employed in the
initial sorption testing upon which the ASTM C1585 standard
was based [34], it was subsequently omitted from the standard.
After samples were fully prepared, testing was performed in accor-
dance with ASTM C1585 over a period of 8 days, with results pro-
vided in Fig. 10. In addition, Fig. 11 shows the calculated initial and
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secondary sorptivities from these tests. Secondary sorptivity values
are not reported when the correlation coefficient is lower than
0.98.

Figs. 10 and 11 show that the 3 days of controlled drying at
50 ± 2 �C and 80% RH followed by the 15 days for internal moisture
equilibration is not capable of eliminating the effects of the ‘‘mois-
ture history’’. These results suggest that the ASTM C1585 prepara-
tion method does not prepare all the samples to the same water
content before a water absorption test. As such this accelerated
method can make a substantial difference in how the data is inter-
preted. This may be due to a moisture hysteresis effect [35]. It
should be noted that this can be a concern for field samples evalu-
ated using this method, as their as-received relative humidities
may easily vary between the extremes examined in this study.

4.4. Effects of volume of aggregate on sorption test

Fig. 12 shows the absorbed water during 8 days of testing per-
formed on mortars containing different volumes of aggregate (mix-
tures 55/0.50, 45/0.50 and 35/0.50) conditioned at 50% relative
humidity. In Fig. 12a the effect of a higher volume of paste is ob-
served as the mixture containing the lower volume of aggregate
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Fig. 11. Initial and secondary sorptivities on mortars with different initial moisture contents, conditioned with the procedure established in ASTM C1585-04.
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has the higher absorption. However, when the results are normal-
ized by the volume of paste (volume of the main absorbent mate-
rial), a reversal in the order of the samples is observed (Fig. 12b).
The samples with the higher volume of aggregates have a higher
absorption.

Water absorption is typically reported without considering the
effect of the absorption of the aggregate in the samples. To better
understand its effect, Fig. 13 was calculated assuming five different
sand absorptions (0.0%, 0.6%, 1.2%, 1.8%, and 2.4%) to then subtract
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Fig. 13. Water absorption at 8 d normalized by volume of paste, corrected by
different values of aggregate absorption.
these values from the absorption in Fig. 12b. When the sand
absorption is assumed to be 0.0%, the resulting absorption at 8 days
will be the same as the absorption presented in Fig. 12b. From
Fig. 13, it can be noticed that for the assumed 1.8% sand absorption,
the normalized water absorbed for the sample is the same after
8 days, independent of the amount of aggregate in the sample.

Fig. 14 shows a desorption isotherm for the sand used in these
mixtures. It can be noted that at 50% RH (humidity at which the
samples were conditioned), the amount of water on the sand is
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Fig. 14. Desorption isotherm for the sand used in this research.
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about 0.2%. Considering that the aggregate used in this study has a
24 h absorption of 1.8%, this would imply that an effective aggre-
gate desorption of 1.6% would have occurred in the samples at
50% relative humidity. This is reasonably consistent with the dif-
ference in water absorption of samples containing different
amounts of aggregate and their absorption can be explained
mainly by the amount of water absorbed by the aggregates.

5. Conclusions

This paper has described the absorption behavior of mortars
conditioned at different relative humidities. As was shown in pre-
vious works by Hall [12], Hooton et al. [4,7] and Martys and Ferr-
aris [16,34], the water absorption test is considerably affected by
the relative humidity of the samples before starting the test, which
if not properly accounted for can lead to a misunderstanding of the
actual absorption behavior. Samples conditioned at a 50% relative
humidity can show a total absorption that is approximately six
times greater than similar samples conditioned at 80% relative
humidity. This is consistent with expectations based on the mor-
tars’ desorption curves.

Initial sorptivity, secondary sorptivity and total absorption at
8 days for samples conditioned in chambers show a linear trend re-
lated to the w/c and the relative humidity at which samples were
conditioned. Samples that are conditioned by drying in an oven
at 105 �C do not follow the same trend as samples conditioned in
other approaches. This is attributed to two factors: (1) emptying
of a wider range of pores, and (2) the potential for microcracking.
The conditioning procedure described in ASTM C1585-04 is not
able to eliminate the ‘‘moisture history’’ of the samples, and thus
can lead to a misunderstanding of the water absorption test re-
sults, especially in field samples which have obtained a lower
relative humidity. It is recommended that field samples be pre-sat-
urated prior to being exposed to the conditioning regimen of ASTM
C1585.

Comparing samples containing different volumes of aggregate
can also lead to a misunderstanding of the actual absorption
behavior. Samples containing higher volumes of cement paste will
absorb more water. When the results are normalized by the vol-
ume of cement paste, the sample containing lower volumes of ce-
ment paste will absorb more water. However, for the materials
examined in this study, this difference can be mainly explained
by the amount of water absorbed by the aggregates in the sample.
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Water Absorption and Electrical Conductivity for Internally
Cured Mortars with a W/C between 0.30 and 0.45

Javier Castro1; Robert Spragg2; and Jason Weiss, M.ASCE3

Abstract: Internal curing has emerged over the last decade as an approach to counteract the negative effects associated with self-desiccation
in low water-to-cement ratio (w/c) mixtures. Specifically, much of the early research on internal curing focused on the reduction of
autogenous shrinkage. Recent work has demonstrated, however, that internal curing can also be beneficial in reducing drying-shrinkage
cracking, reducing the propensity for thermal cracking, reducing fluid absorption, and reducing ion diffusion in concrete. However, several
aspects of internal curing still require closer examination. One of these aspects is the application of internal curing for mixtures with a wider
range of water-to-cement ratios. This paper describes results from experiments that investigated the potential use of internal curing in mortar
systems with w/c ratios of 0.30, 0.36, 0.42, and 0.45 that were cured under sealed conditions, in terms of water absorption and electrical
conductivity. Test results show that internal curing reduces the water absorption in all the systems. Similarly, results obtained on electrical
conductivity at late ages (1 year) also show a benefit. Care needs to be taken to analyze electrical conductivity results at early ages because of
the increased amount of fluid resulting from the inclusion of the prewetted lightweight aggregate. DOI: 10.1061/(ASCE)MT.1943-5533
.0000377. © 2012 American Society of Civil Engineers.

CE Database subject headings: Aggregates; Hydration; Mortars; Mixtures; Absorption; Electrical conductivity.

Author keywords: Internal curing; Lightweight aggregate; Water absorption; Electrical conductivity.

Background on Internal Curing

Internal curing has emerged over the last decade as a method to
improve the performance of low water-to-cement ratio (w/c) mix-
tures [Rilem 2007; American Concrete Institute (ACI) 2008; ACI
Committee 231 2010; Schlitter et al. 2010; Bentz and Weiss 2011].
Specifically, internal curing refers to the use of prewetted light-
weight aggregate (LWA) or other water filled inclusions, such as
super absorbent polymers (SAP) or cellular fibers that can provide
curing water throughout the cross section of the concrete. This dif-
fers from conventional water curing in which water is provided
after placement, and in which the water is applied only at the sur-
face of the concrete. Internal curing was originally promoted to
reduce autogenous shrinkage and autogenous shrinkage cracking
(Bentz and Snyder 1999; Jensen and Hansen 2001a; Jensen and
Hansen 2001b; Jensen 2005; Cusson and Hoogeveen 2008; Lopez
et al. 2009). However, its potential benefits include reducing
drying-shrinkage cracking (Henkensiefken et al. 2009a), reducing
the likelihood of thermal cracking (Schlitter et al. 2010; Byard et al.
2010) and reducing the likelihood of plastic-shrinkage cracking
(Henkensiefken et al. 2010). Internal curing can also improve

freeze-thaw resistance (INDOT 2010), increase the resistance to
fluid absorption (Bentz and Snyder 1999; Henkensiefken et al.
2009b; Peled et al. 2010) and reduce ion diffusion (Bentz 2009)
in concrete. Internal curing has great potential for the concrete in-
dustry to create a longer lasting, more sustainable product. Several
aspects of internal curing still require closer examination. One of
these aspects is the use of internal curing for mixtures containing
a wider range of water-to-cement ratios (e.g., mixtures with a w/c
between 0.30 and 0.45), for which only a few publications are
available (Espinoza and Lopez 2011).

To fully understand how internal curing works it must be
recognized that the hydration of cement paste causes a volume re-
duction that is known as chemical shrinkage (Le Chatelier 1900;
Powers 1935; L’Hermite 1960). While chemical shrinkage begins
when the water comes in contact with the cement, it has different
impacts on the system before and after the paste sets. Before set-
ting, chemical shrinkage causes bulk shrinkage of the cement paste
that is equal to the total external volume change. After setting, how-
ever, the cement paste becomes stiff enough to resist a portion of
the volume change caused by chemical shrinkage (Barcelo et al.
1999; Sant et al. 2006). Contact between the cement particles does
not permit this volume reduction to occur. As a result, vapor-filled
pockets form inside the cement paste in the largest pores (Jensen
and Hansen 2001b; Couch et al. 2006; Lura et al. 2009). This is
known as self-desiccation.

Chemical shrinkage occurs in all cementitious materials, irre-
spective of the w/c (Geiker 1983). In low w/c mixtures, these
vapor-filled cavities can result in substantial relative humidity
reduction and shrinkage because the vapor-filled cavities form
in relatively small pores with a small radius of curvature (Bentz
and Jensen 2004; Radlinska et al. 2008; Lura et al. 2009). In higher
w/c mixtures, these vapor-filled spaces also develop, however they
occur in much larger pores with less impact on volume change. As a
result, it is thought that many of the higher w/c systems would not
derive as much benefit from internal curing.
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Lightweight aggregates are used as a water reservoir that
can provide water to replenish the empty pore volume that is
created by chemical shrinkage during hydration. Since water is
removed from large pores to small pores, the ideal lightweight
aggregate would have pore sizes larger than the pore size that
develops in the cement paste (Bentz 2009; Castro et al. 2011a).
This is the case for many commercially available expanded clays,
slates, and shales (Castro et al. 2011a).

Approaches for Mixture Proportioning of Internally
Cured Concrete

The design of concrete for internal curing requires that a sufficient
amount of water is placed in the concrete to aid in hydration and to
overcome the effects of self-desiccation. Different approaches have
been used during recent years to determine and quantify the amount
of water needed for internal curing. Two of the most widely used
approaches are discussed here.

Bentz and Snyder Approach

Bentz and Snyder (1999) developed an approach to determine the
volume of prewetted LWA that should be used to “ensure adequate
water for complete curing of concrete, which means that the cement
reaches the maximum degree of hydration that is possible, given the
space limitation for forming hydration products in low w/c sys-
tems.” It is derived from the concept of filling the volume of pores
created by chemical shrinkage with water from the LWA (Bentz
et al. 2005). This approach was first published by Bentz and Snyder
(1999), shown as

MLWA ¼
Cf × CS × αmax

S × ϕLWA
ð1Þ

where MLWA (kg=m3) = mass of LWA (in a dry state) that needs
to be water-filled to provide water to fill in the voids created by
chemical shrinkage; Cf (kg=m3) = cement content of the mixture;
CS (g of water per g of cement) = chemical shrinkage of the ce-
ment; αmax (unitless) = expected maximum degree of hydration:
[ðw=cÞ=0:36] for w/c below 0.36, or 1 for w/c higher than 0.36;
ΦLWA (kg of water=kg of dry LWA) = absorption capacity of
LWA (24 h absorption value); and S (unitless) = expected degree
of saturation of the LWA, expressed as a function of absorption
value (ΦLWA). Water absorption and S values from the most used
LWA in America were previously reported by Castro et al. (2011a).

In theory, this approach may overestimate the amount of water
required for internal curing because it considers the volume change
that occurs before setting (Henkensiefken et al. 2009a), however
this approach is preferred because of its simplicity.

Jensen and Hansen Approach

Jensen and Hansen (2001a) developed an approach to proportion
internally cured mixtures with the intention of limiting the negative
effects of self-desiccation in cementitious systems by maximizing
the volume of cement that can react. The equations were developed
on the basis of the Powers’model to calculate the minimum amount
of water that needs to be stored (entrained) to enable the maximum
degree of hydration. It was published by Jensen and Hansen
(2001a) and is expressed as

ðw=cÞe ¼

8><
>:

0:18ðw=cÞ; for w=c < 0:36

0:42� ðw=cÞ; for 0:36 ≤ w=c ≤ 0:42

0 for w=c > 0:42

ð2Þ

where ðw=cÞe = amount of additional water for internal curing,
expressed as g of water per g of cement; and w/c = original
water-to-cement ratio of the system.

Extension of Internal Curing to High W/C Systems

Fig. 1 (after Bentz et al. 2005) illustrates both approaches as a
function of w/c. Below a w/c of 0.36, both approaches are identical.
The Bentz approach adds water to fill all of the chemical shrinkage
volume, which causes it to stay constant above a w/c of 0.36, while
the Jensen approach considers adding only the water needed for
full hydration—resulting in the recommend quantity of water
decreasing above a w/c of 0.36.

Both approaches assume that all of the mixing water will
be accessible to react with the unhydrated cement. Issues asso-
ciated with the distance that the water needs to travel, a lack of
adequate mixing, or excessive evaporation from the specimens,
are not considered. These issues may decrease the amount of hy-
dration that occurs and may increase the porosity of the system and
its connectivity.

Research Objectives

The objective of this research is to examine the potential benefits
of internal curing in mortar systems with a w/c of 0.30–0.45.
In particular, this research will evaluate the benefits (in terms of
water absorption and electrical conductivity) of systems with w/c
of 0.30, 0.36, 0.42, or 0.45.

Materials

ASTM C150 Type I ordinary portland cement (OPC) was used in
this study, with a Blaine fineness of 370 m2=kg and an estimated
Bogue composition of 56%C3S, 16%C2S, 12%C3A, 7%C4AF,
and a Na2O equivalent of 0.68% by mass.

The sand used was natural river sand with a fineness modulus of
2.71, an apparent specific gravity of 2.58, and water absorption of
1.0% by mass. Portions of the normal weight sand were replaced
with expanded shale with a fineness modulus of 3.10 and a specific
gravity of 1.45. The 24 h absorption of the fine lightweight aggre-
gate was determined to be 17.5% by the paper towel method
(NYDOT 2008, Castro et al. 2011a). This test involves immersing

Fig. 1. Water for internal curing required to maintain saturated condi-
tion in cement paste (data from Bentz et al. 2005)
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the aggregate in water for 24 h, after which time the water is dec-
anted and the surface of the aggregate is patted dry. The paper towel
method spreads the aggregate out, and the paper towel is placed
across the surface of the aggregate. This process is repeated at
different moisture contents [preferably near the surface dry (SD)
condition]. Once it appears that the paper towel is no longer picking
up moisture (as determined by visual inspection for a change in
color of the paper towel) from the aggregate, it is assumed that an
SD condition has been reached and the aggregate moisture can be
determined.

Mixture Proportioning

Twenty different mixtures were prepared. The mortars had a single
volume fraction of fine aggregate (55% of the total volume) and
different w/c (0.30, 0.36, 0.42, or 0.45). For each system, fine
LWA (FLWA) was used as a replacement for NWA sand at five
different levels: 0, 25, 50, 75, and 100% of the values calculated
using Eq. (1). The replacement is performed on a total volume
basis; the volume of aggregate (FLWA and sand) remained constant
at 55% because only the sand was replaced with FLWA. A list of
the mixture proportions can be found in Table 1.

Mixing Procedure

The mixing procedure used for the mortar was in accordance with
ASTM C305 (ASTM 2006). The FLWAwas oven dried, air cooled,
and then submerged in water for 24� 1 h prior to mixing. The vol-
ume of water used to submerge the FLWA included both mixing
water and the water the FLWA would absorb in 24 h. The excess
water (water not absorbed in 24 h) was then decanted and used as
the mixing water. The normal weight sand was oven dried and
cooled for 24 h before mixing.

Experimental Procedures

Water Absorption

Six 100 mm × 200 mm cylinders were cast for water absorption
testing for each mixture. After one day of curing, the samples were
demolded and then sealed in a double layer of plastic bags for
sealed curing. Bags were stored at 23� 1°C until samples reached
an age of 90 d. At that point, the cylinders were removed from the
bags and three 50� 2 mm thick samples were cut from the central
portion of each cylinder using a wet saw. Obtaining samples from
the central portion of the cylinders allows for testing of the core of
the material, instead of testing the finishing of the surface.

After cutting, samples were conditioned by placing them in
environmental chambers at 23� 0:5°C and at two different relative
humidities (65� 1% and 80� 1%). Samples were kept in the envi-
ronmental chamber until they reached mass equilibrium, defined as
a mass change of less than 0.02% over a 15-day period. Mixtures
conditioned at 65� 1% RH required the longest period of time
(9 months) to reach mass equilibrium. However, all samples were
maintained in the chambers for 9 months to test them all at the
same age.

This conditioning procedure was preferred to the procedure
described in ASTM C1585 (ASTM 2004) because it has been
shown (Castro et al. 2011b) that the standard procedure is unable
to eliminate the “moisture history” of the samples. As the mortars
used in this research have different amounts of LWA (i.e., different
initial amounts of water), the samples will have different initial
moisture content, and the ASTM C1585 (ASTM 2004) procedure
will be not able to correctly condition the samples.

Once the samples were removed from the chambers, the side
surface (i.e., outer circumference) was sealed with aluminum tape,
and the top surface was covered with plastic, to avoid evaporation
from the sample during testing. After the samples were prepared,
absorption testing was conducted in accordance with ASTMC1585

Table 1. Mixture Proportions for the Internally Cured Mixtures

w/c

% LWA Cement Mixing water NWA, SSD LWA, dry IC water Aggregate volume (%)

from Eq. (1) (kg=m3) (kg=m3) (kg=m3) (kg=m3) (kg=m3) NWA LWA Total

0.30

0% 727.0 218.1 1,429.7 0.0 0.0 55.0 0.0 55.0

25% 727.0 218.1 1,330.2 55.4 9.7 51.2 3.8 55.0

50% 727.0 218.1 1,230.6 110.8 19.4 47.3 7.7 55.0

75% 727.0 218.1 1,131.1 166.2 29.1 43.5 11.5 55.0

100% 727.0 218.1 1,031.5 221.6 38.8 39.7 15.3 55.0

0.36

0% 662.6 238.6 1,419.7 0.0 0.0 55.0 0.0 55.0

25% 662.6 238.6 1,320.9 60.6 10.6 50.8 4.2 55.0

50% 662.6 238.6 1,212.0 121.2 21.2 46.6 8.4 55.0

75% 662.6 238.6 1,103.1 181.8 31.8 42.4 12.6 55.0

100% 662.6 238.6 994.2 242.4 42.4 38.2 16.8 55.0

0.42

0% 608.7 255.7 1,429.7 0.0 0.0 55.0 0.0 55.0

25% 608.7 255.7 1,329.7 55.7 9.7 51.2 3.8 55.0

50% 608.7 255.7 1,229.7 111.4 19.4 47.3 7.7 55.0

75% 608.7 255.7 1,129.7 167.1 29.1 43.5 11.5 55.0

100% 608.7 255.7 1,029.7 222.8 38.8 39.6 15.4 55.0

0.45

0% 584.9 263.2 1,429.7 0.0 0.0 55.0 0.0 55.0

25% 584.9 263.2 1,333.6 53.5 9.4 51.3 3.7 55.0

50% 584.9 263.2 1,237.5 107.0 18.8 47.6 7.4 55.0

75% 584.9 263.2 1,141.4 160.5 28.2 43.9 11.1 55.0

100% 584.9 263.2 1,045.3 214.0 37.6 40.2 14.8 55.0
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(ASTM 2004), with the exception of the conditioning method
described above.

The effect of internal curing can be increased under the sealed
conditions employed in this study as compared with other curing
conditions (unsealed curing or curing under lime water). Using
sealed curing, the internally cured specimens will have a greater
amount of water available for hydration, and will likely hydrate
further, producing a denser microstructure with lower transport
coefficients. The authors consider that the sealed curing condition
can isolate the effect of internal curing on the specimens. However,
the authors also consider that differences in the curing conditions
for both internally and not internally cured specimens can affect the
performance of the specimens.

Electrical Impedance

The electrical conductivity of mortar samples was measured using
cylindrical specimens (70-mm height and 35-mm diameter). Two
2.5-mm diameter rods, spaced 20 mm apart, were embedded
longitudinally inside each mold (Fig. 2).

A Solartron 1260 Impedance Gain-Phase analyzer measured
the impedance response of each specimen. The measurements were
made over a frequency range from 1 MHz to 1 Hz, using a 100 mV
AC signal. Measurements were performed at 3 d, 7 d, 90 d, and
365 d.

The electrical conductivity was obtained from the measured
bulk resistance as follows:

σ ¼ k
R

ð3Þ

where σ = conductivity (S=m); k = geometry factor (1=m); and
R = bulk resistance (ohm). A geometry factor of k ¼ 22:15=m�1

was determined for the molds used in this study, through the use
of a solution with a known electrical conductivity.

A modified parallel model is normally used to describe the
electrical conductivity of the concrete (McCarter and Brousseau
1990; Rajabipour 2006). Because the conductivity of the liquid
phase is several orders of magnitude higher than the conductivity
of the solid and vapor phases, concrete is normally considered a
composite material with a single conductive component, and the
modified parallel model can be simplified to Eq. (4). This typically
assumes that only the fluid phase is conductive. For internally cured
concrete mixtures, however, the water in the LWA may also be
conductive and the implications of this will be discussed later in
the paper.

σ ¼ σoϕoβo ð4Þ

where σo = conductivity of the pore solution, sigma notch
(S=m); ϕo = volume fraction of pore solution (unitless); and βo =
connectivity of pore structure (unitless).

Experimental Results and Discussion

Water Absorption

Fig. 3 shows the cumulative absorbed water in the samples that
were 1 year old (3 months of sealed curing and 9 months of con-
ditioning) after 8 d of testing, for samples conditioned at 65 and
80% relative humidity. Fig. 4 shows the initial sorptivity (i.e., re-
lated to the rate of water absorption) for samples conditioned at 65
and 80% relative humidity, calculated as the slope of the absorption
versus the square root of time during the first six hours of testing.
Fig. 5 shows the secondary sorptivity for samples conditioned at 65
and 80% relative humidity, calculated as the slope of the absorption
versus the square root of time from the second to the eighth day of
testing.

In Figs. 3–5, the water absorption is very sensitive to both the
relative humidity at which the specimens were preconditioned
before testing (Castro et al. 2011b) and the w/c of the systems.
Samples conditioned at 65% relative humidity show higher values
than similar samples conditioned at 80% relative humidity. Samples
from mixtures with a higher w/c show higher absorption values

Fig. 2.Mold used for continuous electrical conductivity measurements

Fig. 3. Cumulative amount of water absorbed after 8 days of testing for
samples conditioned at (a) 65% RH, (b) 80% RH; error bars represent
standard deviation of 3 samples; continuous lines represent empirical
equations described subsequently
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compared with samples with lower w/c, both conditioned at the
same relative humidity.

These trends can be explained by the fact that water ingress in
unsaturated concrete is dominated by capillary suction upon initial
contact with water (Hall 1989). Capillary absorption is related to
the volume of the pores, as well as the size of empty capillary pores.
Systems with higher w/c will have a greater proportion of capillary
pores. The relationship between the equilibrated relative humidity
and the radius of the smallest empty pore is given by the Kelvin-
Laplace equation. Using this equation, it is possible to calculate
that these capillary pores are filled with water vapor at relative
humidities above 80%.

As such, the relative humidity used to condition the sample prior
to the sorption test and the w/c of the system can have a significant
impact on the results. The higher the w/c of the system, the greater
the total volume of the capillary pores. The lower the relative
humidity, the greater the total volume of pores that are empty and
available to be filled with water during the sorption test. Further, the
lower humidity will empty smaller pores, creating a higher suction
force in the materials and resulting in a greater sorption rate and a
larger overall total absorption.

In Figs. 3–5, the total volume of water and the rate of absorbed
water decrease when a higher amount of FLWA is used. This
observation is independent of both the relative humidity used for
conditioning and the w/c of the system. Even more, it seems that a
greater benefit is obtained in those mixtures containing the highest
w/c.

When water leaves the pores of the LWA, it is available in the
cement paste to enable additional hydration. This additional hy-
dration results in a paste microstructure that is more dense, which
has a large impact on the cement paste matrix (Henkensiefken
et al. 2009b). Internal curing can also increase the hydration of
the areas surrounding the LWA (Henkensiefken et al. 2009b), pro-
ducing a more dense interfacial transition zone (ITZ; Zhang and
Gjørv 1990; Elsharief et al. 2005). Considering that the ITZ of the
normal weight aggregate (NWA) can be percolated across the 3D
microstructure, the inclusion of the LWA could depercolate these
ITZ pathways (Winslow et al. 1994; Bentz 2009; Peled et al.
2010). If LWA, with the more dense ITZ it creates, was added to
the system, the NWA ITZ may not be as percolated, resulting in
a lower absorption. As more LWA is used, the potential for per-
colation of the normal weight aggregate ITZ also decreases. If
enough LWA is used, the ITZ of the NWA would depercolate
(Bentz 2009). For this reason, it could be expected that the absorp-
tion of mortars with LWA could be lower, even in systems with a
high w/c.

The benefits of internal curing are most dramatic for specimens
cured under sealed conditions like those used in the study (as com-
pared with curing under lime water). Under sealed conditions, the
internally cured specimens have a greater amount of water available
for hydration than the plain samples. This increased hydration pro-
duces a more dense microstructure with lower transport coefficients
(Bentz and Weiss 2011).

Fig. 4. Initial sorptivity as a function of w/c and the amount of LWA for
samples conditioned at (a) 65% RH, (b) 80% RH; error bars represent
standard deviation of 3 samples; continuous lines represent empirical
equations described subsequently

Fig. 5. Secondary sorptivity as a function of the w/c and the amount of
LWA for samples conditioned at (a) 65% RH, (b) 80% RH; error bars
represent standard deviation of 3 samples; continuous lines represent
empirical equations described subsequently
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Electrical Impedance

Fig. 6 shows the electrical conductivity of sealed samples at of 3,
7, 90, and 365 days after casting. The systems with higher w/c
have a higher conductivity mainly because of the higher volume
of pore fluid described by Eq. (4). The conductivity decreases with
time as a result of continued hydration, which reduces the volume
of conductive pore fluid and also makes the conduction path more
tortuous.

The mixture with a w/c of 0.30 shows that internal curing
results in a reduction of the measured conductivity that can be
explained by the effect of the water provided for internal curing
helping to increase the hydration of areas surrounding the FLWA
(Henkensiefken et al. 2009b). However, in the systems with higher
w/c, an increase in the FLWA content increases the electrical con-
ductivity at early ages. This may be explained by the fact that these
systems have water contained in the FLWA particles that remains
for a longer time in the FLWA pores without reacting with unhy-
drated cement. As a result, the total amount of fluid in the system
will increase with additional FLWA, thereby increasing the mea-
sured electrical conductivity of the samples.

As the samples hydrate (e.g., for 90 days), the system with
w=c ¼ 0:36 starts to show the benefits of internal curing, decreas-
ing the conductivity. At this time, systems with higher w/c still
show higher conductivity with the use of FLWA (again because
of additional water in the system). Finally, at 365 days, all the sys-
tems show the benefits of the use of internal curing. At this age,
a considerable reduction of the measured electrical conductivity
can be observed.

The water for internal curing requires longer times to leave the
FLWA pores in higher w/c systems because of the lack of a driving

force (which is the under-pressure build-up resulting from self-
desiccation in the case of a low w/c system). However, at some
point, the smaller pores of the cement paste will develop a meniscus
that will make the water move from the FLWA pores to the cement
paste. Eventually, this water will react with the unhydrated cement
to increase the amount of hydration product, reducing both the
total porosity and the fluid filling the pores of the system. This will
produce a reduction in the measured electrical conductivity. If the
cement in high w/c systems is able to hydrate further than low w/c
systems, high w/c systems will require more cement hydration to
depercolate (Powers 1948), which can also explain the benefit of
internal curing in these mixtures.

A direct comparison of the electrical conductivity of the systems
containing different w/c presents some difficulties, mainly because
of complications associated with determining the volume fraction
of the pore solution at different ages. For this reason, after the
electrical conductivity of the samples was measured in a sealed
condition at 365 d, samples were soaked with tap water under
vacuum for 3 h at 29 mm Hg and then kept under water until 24 h
without release of the vacuum. After saturation, electrical conduc-
tivity was measured again and results are shown in Fig. 7.

The conductivities presented in Fig. 7 are proportional to the
total volume of accessible pores and their connectivity through
the samples. These are parameters that can be used to describe the
transport of fluid in concrete (Rajabipour and Weiss 2007). Fig. 7
shows that using internal curing on systems with high w/c helps to
reduce the connectivity of the porosity, which helps to reduce the
fluid transport in concrete.

Comparing Figs. 6(d) and 7, it can be observed that the electrical
conductivity increases when samples were resaturated. This can be

Fig. 6. Electrical conductivity of sealed samples as a function of the amount of LWA at (a) 3 days, (b) 7 days, (c) 90 days, and (d) 365 days; error bars
represent the standard deviation of 3 samples
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explained by the fact that resaturation results in a higher volume of
pore fluid, as described by Eq. (4). However, sample resaturation
does not seem to fill the FLWA pores, because an increase of con-
ductivity with the percentage of FLWA is not observed.

Empirical Relationship for Water Absorption and
Electrical Conductivity

From Figs. 3–5, it is possible to obtain an empirical relationship
for the cumulative absorption (for samples conditioned at 65 and
80% RH), which is presented in Eq. (5). A similar form of equation
can be used to characterize initial and secondary sorptivities. From
Fig. 7, it is possible to obtain an empirical relationship for the
saturated electrical conductivity, which is presented in Eq. (6).

Absorption ¼ C1 · ðw=cÞC2 · expð�C3 · ICÞ ð5Þ

Conductivity ¼ ½C4 · ðw=cÞ � C5� · exp½ð�C6 · ðw=cÞ þ C7Þ · IC�
ð6Þ

where w/c = water-to-cement ratio (e.g., 0.36); IC = internal curing
percentage from Eq. (1) (e.g., IC ¼ 50 means 50% of the IC water
predicted from Eq. (1)); and C1, C2, C3, C4, C5, C6 and C7 =
regression constants (values in Table 2).

Fig. 8 illustrates the proportional reduction of water absorption,
initial sorptivity, and secondary sorptivity for internally cured
samples. Fig. 9 illustrates the proportional reduction of electrical
conductivity of 1 year old saturated, internally cured samples.

In Fig. 8, when FLWA is added according to the Bentz and
Snyder approach [Eq. (1)], the internally cured system shows an
average reduction of 55% in the initial sorptivity and the 8-d
cumulative absorption, and 70% in the secondary sorptivity,

independent of the relative humidity at which the samples were
conditioned prior to testing and the w/c of the mixtures.

In Fig. 9, internal curing is more efficient for reducing the
electrical conductivity in high w/c systems than low w/c systems.
A 40% reduction in conductivity is observed in the system with a
w/c of 0.30, but a reduction of 75% is observed in the system with
a w/c of 0.45.

Conclusions

A series of 20 mortars were prepared to evaluate the effect of
internal curing on the fluid transport properties of mortars over

Fig. 7. Electrical conductivity of vacuum-saturated samples at
365 days; error bars represent the standard deviation of 3 samples;
continuous lines represent empirical relations described subsequently

Table 2. Parameters for Eqs. (5) and (6)

Parameters

Water absorption at 8 d Initial sorptivity Secondary sorptivity (1 year) Electrical conductivity

65% RH 80% RH 65% RH 80% RH 65% RH 80% RH Saturated

C1 72.776 19.391 0.084 0.045 0.113 0.019 —
C2 3.93 3.35 3.30 4.06 4.57 3.20 —
C3 0.0093 0.0084 0.0080 0.0083 0.0127 0.0106 —
C4 — — — — — — 184.59

C5 — — — — — — 46.915

C6 — — — — — — 0.0558

C7 — — — — — — 0.0108

Fig. 8. Proportional reduction of absorption, initial sorptivity, and
secondary sorptivity of internally cured samples

Fig. 9. Proportional reduction of electrical conductivity of 1-year-old
saturated, internally cured samples
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a range of water-to-cement ratios. The effect of internal curing
was evaluated using water absorption and electrical conductivity
measurements.

The total absorbed water was reduced when the level of internal
curing was increased. This reduction in water absorption was
known for systems with low w/c, but the results show that the
benefits extend to systems with higher w/c. These benefits were
also observed in reducing the rate of water absorption, showing
a lower initial and secondary sorptivity. An average maximum
reduction of 55% was observed in both the initial sorptivity and
cumulative absorption, and a maximum reduction of 70% was
observed in the secondary sorptivity.

Electrical conductivity tests, performed on sealed samples a year
after casting, show a benefit in the use of internal curing in mortar
systems containing low w/c as expected, but also in systems with
higher w/c. The effect of internal curing is proportionally larger in
samples prepared with the highest w/c. A reduction of 40% is ob-
served in the system with a w/c of 0.30; this reduction was observed
to increase to 75% in the system with a w/c of 0.45.

The benefits of internal curing are most dramatic for specimens
cured in this sealed condition used in this study as compared with
curing under lime water. Under sealed conditions, the internally
cured specimens have a greater amount of water available for hy-
dration than in plain samples. This increased hydration produces a
more dense microstructure with lower transport coefficients.

Precaution is needed to interpret the electrical properties of IC
concrete at an early age because of the higher amount of fluid
present in the system when prewetted LWA is added.
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Chloride Transport Measurements for a Plain and Internally Cured Concrete 1 

Mixture 2 

 3 

Carmelo Di Bella, Chiara Villani, Elizabeth Hausheer and Jason Weiss 4 
 5 
 6 
 7 

Synopsis:  Over the last fifteen years there has been growing interest in using internally cured 8 

concrete.  While the original intention of using internal curing was to reduce autogenous 9 
shrinkage, it has been observed that the internally cured concretes have additional benefits.  For 10 
example, previous research has shown that internally cured concrete has lower water absorption 11 
than comparable conventional (plain) concrete mixtures.  This paper presents results of chloride 12 
transport experiments performed using a conventional (plain) concrete mixture and an internally 13 

cured concrete mixture.  Chloride transport performance was evaluated using a series of 14 
experimental techniques including: 1) resistivity, 2) rapid chloride penetration (RCP), 3) rapid 15 

chloride migration (the Nord Test), 4) migration cell testing (STADIUM cells) and 5) chloride 16 
ponding and profiling.  Tests were performed 28, 56, and 91 days after casting.  The results 17 

indicate that internally cured concretes have similar or superior performance to plain concrete.  18 
Several testing artifacts are noted associated with the pre-wetted lightweight aggregate that 19 
overestimate the transport measures for the internally cured concrete.  The experimental results 20 

suggest that by reducing the chloride transport rate the use of internally cured concrete can result 21 
in structures with improved durability (due to the time it takes chloride ions to cause corrosion at 22 

the reinforcing steel). 23 
 24 
Keywords: chloride transport, internal curing, lightweight aggregate, rapid-chloride 25 

penetrability, resistivity, service life, titration 26 
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1.0 INTRODUCTION 18 
 19 

Transportation agencies strive to construct durable reinforced concrete structures.  The durability 20 

of the concrete structures is largely governed by the fluid transport properties of the concrete 21 
which include: 1) absorption, 2) permeation and 3) diffusion of ionic species [1]. For example, 22 

the ingress of chloride ions is of particular interest in bridge decks due to the application of 23 
deicing salt and in marine structures due to the salinity of the water. If the chloride ions reach the 24 
reinforcing steel they can reduce the passivity of the reinforcing steel and promote the formation 25 

of corrosion products. The time that it takes the reinforcing steel to begin to corrode in a 26 

structure is strongly related to the rate of chloride ions penetration [2, 3]. Corrosion is a concern 27 
since it can shorten the service life of reinforced concrete structures.   28 
 29 

It is generally known that the transport ionic species in concrete (absorption, diffusion and 30 
permeability) can be reduced by using mixtures with a lower porosity (i.e., a low water to cement 31 

ratio, w/c) and with the use of supplementary cementitious materials [1, 4].  While these low w/c 32 
mixtures reduce transport, they have in many cases exacerbated the problem of early-age 33 

cracking [5, 6]. 34 
 35 
The use of prewetted lightweight aggregate as an internal curing agent has been shown to 36 
mitigate early age cracking [7, 8, 9]. In addition, it has been shown that internal curing can 37 
reduce the fluid transport properties of concrete such as water absorption and chloride transport 38 

[10, 14].  The fluid transport properties in an internally cured concrete are reduced for three 39 
reasons. First, internal curing supplies additional water that enables increased hydration thereby 40 

reducing the porosity of the concrete [8]. Second, internal curing densifies the interfacial 41 
transition zone around the LWA. The more dense ITZ zone can disconnect the preferential 42 
transport paths resulting in higher resistance to ionic and fluid transport [11]. Third, internal 43 
curing reduces unwanted early-age cracking thereby reducing paths for fluid to reach the 44 
reinforcing steel [7, 12].   45 
 46 



3 
 

2.0 RESEARCH SIGNIFICANCE 1 
 2 
While internal curing has been shown to be beneficial in reducing shrinkage and early-age 3 
cracking, relatively little research has documented the effects of internal curing on reducing ionic 4 

ingress and transport [8].  This paper describes the transport properties of a conventional (plain) 5 
and internally cured concrete bridge deck mixture.  These concrete mixtures are identical to 6 
those used in a comparative field evaluation in Monroe County Indiana in September 2010.  7 
Chloride transport performance was evaluated using a series of tests including: 1) resistivity, 2) 8 
rapid chloride penetration (RCP), 3) rapid chloride migration (the Nord Test), 4) migration cell 9 

testing (Stadium Cells), and 5) chloride ponding and profiling.  Tests were performed 28, 56, and 10 
91 days after casting. These results of this study can be useful in determining the chloride 11 
transport performance of internally cured concrete which has implications on the time to 12 
corrosion and service life of reinforced concrete elements. 13 

 14 

3.0 CONSTITUENT MATERIALS AND MIXTURE PROPORTIONS  15 
 16 
Two different concrete mixtures are compared in this study.  The first mixture is a conventional 17 

(plain) mixture that is commonly used by a local ready mixed concrete provider to meet the 18 
INDOT Bridge deck specifications.  The second mixture is similar; however a portion of the 19 
volume of the fine aggregate has been replaced with an equivalent volume of prewetted 20 

lightweight aggregate.  The second mixture will be referred to as the internally cured concrete 21 
mixture.  The samples were prepared in laboratory with identical proportions to the mixtures that 22 

were eventually used in the Monroe County bridge deck trials [13].  Table 1 shows the mixture 23 
proportions.  24 
 25 

Table 1 – Mixture proportions for plain and internally cured concretes. 26 

 Cement 

Content 

W/C 

Fine 

Aggregate 

Fine 

LWA 

Coarse 

Aggregate 

Mixture 

Water 

Water in 

LWA 

WRA AE 

 (kg/m
3
)  (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%)

A
 (%)

A
 

Plain 

Concrete 
390 0.39 726 - 1046 152 - 0.22 0.22 

Internally 

Cured 

Concrete 

390 0.39 313 270 1046 152 25 0.08 0.08 

A 
Percentage referred to the cement weight. 27 

 28 
These proportions are based on the saturated surface dry condition of the materials with the 29 
exception of the LWA which is given in oven dry condition.   An additional column is used to 30 

represent the water to maintain the 24 hour prewetted surface dry conditions.   31 
 32 
The volume of the sum of the fine aggregate and fine lightweight aggregate was the same for 33 
both mixtures. 34 



4 
 

The lightweight aggregate used for the internally cured mixture was a fine lightweight aggregate 1 

(Haydite AX, Brooklyn IN).  The 24 hours absorption of the LWA, based on the paper towel 2 
testing procedure outlined by the NYDOT, was 10.4%.   The specific gravity of the lightweight 3 
aggregate was 1.56.  The absorption of the coarse and fine aggregate was 1.1 % and 1.6 % 4 

respectively.  The specific gravity of the coarse and fine aggregate was 2.672 and 2.647 5 
respectively. 6 
 7 
The cement used for the plain and internally cured mixture is an ordinary portland cement (OPC) 8 
conforming to ASTM C150 type I specification.  The characteristics of the cement used are 9 

given in Table 2. 10 
 11 

Table 2 – Characteristics of ordinary portland cement used in this study. 12 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 

Na2O 

Equiv. 

Blaine 

(m
2
/kg) 

OPC Type I 20.4% 4.8% 3.2% 63.2% 2.1% 3.4% 0.67% 398 

 13 

 14 

4.0 MIXING, CURING AND SAMPLE PREPARATION 15 
 16 
Prior to mixing, the aggregate (including lightweight aggregate) was dried in an oven at 105 ± 5 17 
°C for 24 hours. The aggregate was then allowed to cool down to room temperature.  The 18 

lightweight aggregate was soaked in the mixture water for 24 +/- 1 hours being careful that the 19 
water remained above the top surface of the lightweight aggregate. In order to avoid loss of 20 

water to evaporation the lightweight aggregate was covered with plastic sheets.  After 24 hours 21 
the excess water was decanted and used in mixing.  22 

 23 
The coarse and fine aggregate were placed in the pan mixer.  Water was then added to the 24 
mixture (along with lightweight aggregate in the case of the internally cured mixture).  Cement 25 

and admixtures were then added.  After all the materials were placed in the mixer they were 26 
mixed for 3 minutes, followed by a 3 minutes rest and a 2 minutes final mixing in accordance 27 

with ASTM C 192. 28 
 29 
Cylindrical sample were prepared.  The cylinders had a diameter of 102 mm (4 in.) and length of 30 

203 mm (8 in.).  External vibration was used to consolidate the specimens.  Immediately after 31 
casting the cylinders were covered.  These specimens were demolded after one day  and sealed in 32 
double plastic bags until the test age were reached: 28, 56, 91 days (with the exception of the 33 

surface resistivity samples). At the time of testing the samples were prepared using the 34 

procedures described in the following section.   35 

 36 
 37 

5.0 EXPERIMENTAL METHODS 38 
 39 
In this study the transport properties of the concrete were evaluated using five experimental 40 
techniques.  These techniques include: 1) surface resistivity, 2) rapid chloride penetration (RCP), 41 
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3) rapid chloride migration (the Nord Test), 4) migration cell testing (Stadium Cells), and 5) 1 

chloride ponding and profiling.  The experimental procedures are described in the following 2 
section. 3 

 4 
5.1  Surface resistivity  5 
The electrical resistivity at the surface of water-stored concrete samples was measured using the 6 
four-point Wenner probe surface (Figure 1). Measurements of electrical resistivity were 7 
conducted as described in AASHTO TP 95-11 using cylindrical samples that were 102 mm (4 8 
in.) in diameter and 203 mm (8 in.) long. The samples were demolded at 24 h after casting and 9 

kept under lime water until the time of testing at a temperature of 23 ± 1 ºC.  It should be noted 10 
that by storing the samples under water it is believed that the samples will absorb water during 11 
the test which may increase the degree of hydration of the specimen [14]. 12 
 13 

In the surface resistivity test a current is applied at the outer probes and the potential difference is 14 
measured between the two inner probes. Assuming that the concrete has homogeneous semi-15 

infinite geometry the concrete resistivity is described by equation 1: 16 
 17 

   (     )  
 

 
 eq. 1  18 

 19 

where a is the electrode spacing, V is the voltage, and I is the current. 20 
 21 

Morris et al. [15] showed that for concrete cylinders the surface resistivity (ρsurface) requires a 22 
correction to attain the true resistivity (ρ) of the material that depends on probe spacing and 23 
sample geometry.  A geometry correction (K) of approximately 1.9 can be used for probe 24 

spacing (a = 38 mm, 1.5 in) and specimen size used in this study (Equation 2).  This has been 25 

recently confirmed through experiments by Spragg et al. [21].   26 
 27 

                  eq. 2 28 

 29 
Relationships have been developed between RCP test and surface resistivity test results [16, 17] 30 

(assuming saturation) since both tests are based on measures of the electrical resistance of the 31 
concrete.  It should however be noted that the RCP test test may contain artifacts related to 32 

sample heating caused by the joule effect. 33 

 34 
Figure 1 – Surface resistivity measurements using a Wenner probe. 35 

 36 
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5.2   Rapid Chloride Penetration (RCP) 1 
The rapid chloride penetration (RCP) test was performed in accordance with ASTM C 1202. A 2 
cylindrical specimen was prepared that was 102 mm (4 in.) diameter and 51 ± 3 mm (2 in.) long. 3 
Prior to testing the sample was vacuum saturated as described in ASTM C 1202. During the test 4 

one surface of the sample was exposed to a sodium chloride solution (3% NaCl) and the other 5 
surface was exposed to a sodium hydroxide solution (0.3 M NaOH). A 60 V externally applied 6 
potential and the current at 15 minute intervals was recorded for a 6 hour period. Figure 2 shows 7 
the experimental set up with four samples being tested simultaneously. 8 
 9 

 10 
Figure 2 – Rapid Chloride Penetration (RCP) test cells. 11 

 12 

5.3 Rapid Chloride Migration (RCM) 13 
The rapid chloride migration test was conducted to determine the non – steady state chloride 14 

migration coefficients following the NT Build 492 procedure [18].  The RCM test is a non-15 
steady state migration test to accelerate the chloride transport by means of the application of a 16 

potential across a 50 mm thick specimen for a specified period of time. 17 

 18 

The test was performed using specimens cut from a concrete cylinder to produce a disk that is 51 19 
± 3 mm (2 in.) thick and 102 mm (4 in.) diameter.  The samples are vacuum saturated after 20 

cutting. The sample is then placed in a rubber sleeve.  The top portion of the sleeve is used to 21 
create a reservoir where 0.3 M NaOH is placed in contact with the upper surface of the sample. 22 
The bottom of the sample is placed in a solution of 10% NaCl.  The test is illustrated in Figure 3.  23 

An initial potential of 30 V is applied to the specimen.  This potential is adjusted according to the 24 
current response (as outlined in the NT Build standard) and the applied potential is maintained 25 
for a 24 hour period.  26 
 27 
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 1 
Figure 3 – Rapid Chloride Migration (RCM) experimental set up. 2 

 3 

At the end of the 24 hour period where voltage is applied the sample is rinsed with distilled water 4 

and the surface is wiped with a cloth. The sample is then split into two pieces as shown in Figure 5 
4.  A 0.1 M silver nitrate solution is sprayed on the sample.  Where sufficient chloride is present, 6 
the silver nitrate causes white silver chloride to precipitate as shown in Figure 4.  The chloride 7 

penetration depth is measured at 10 locations across the section and used to determine an average 8 
depth of penetration. 9 

 10 

 11 
Figure 4 – A Sample from the Rapid Chloride Migration (RCM) test that was split after 12 

and sprayed with Silver Nitrate (AgNO3). The white portion of the sample at the top 13 
represents the chloride penetration while the brown area represents the portion of the 14 

concrete that has not received substantial chloride penetration.  The sample is 101 mm (4 in 15 

wide) and 50 mm (2 in tall). 16 

 17 

The chloride non steady state migration coefficient (Dnssm) is calculated using equation 3, 18 

assuming the migration process as dominant and that the chloride binding capacity during the 19 

test to be constant [2, 19]. 20 
 21 

      
      (     ) 

(   ) 
(         √

(     )   

   
)  eq. 3 22 

 23 
where Dnssm is the non steady state migration coefficient (x10

-12
 m

2
/s), U is the absolute value of 24 

the applied voltage (V), T is the average value of the initial and final temperatures in the solution 25 
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(C), L is the thickness of the specimen (mm), xd is average value of the average chloride 1 

penetration depth (mm) and t is the test duration (hour). 2 
 3 

5.4 Migration cell 4 
The diffusion coefficients for specific ionic species were measured using a migration cell 5 
(Stadium Cell) as shown in Figure 5.  The test method consists of monitoring the intensity of 6 
electrical current passed through a cylindrical test specimen (50 ± 2 mm (2 in.) thick and 100 ± 2 7 
mm (4 in.) in diameter over 14-days testing period).  Before testing the samples are vacuum 8 
saturated with 0.3M NaOH for approximately 18 hours. After vacuum saturation the sample was 9 

mounted in between the downstream cell filled with 0.3M NaOH solution and the upstream cell 10 
filled with 0.5 NaCl + 0.3M NaOH solution. A constant DC potential of 20 V is maintained 11 
across the specimen.  The data (voltage, current, and temperature) are automatically recorded at 12 
15 minute intervals. These data, along with the porosity (volume of permeable voids) value 13 

determined in accordance with ASTM C642, are entered into STADIUM Lab software to 14 
evaluate the ion diffusion coefficients [20]. 15 

 16 

 17 
Figure 5 – Migration cell experimental set up. 18 

 19 

5.5  Chloride Ponding and Profiling  20 
The penetration of chloride ions into concrete was assessed from a chloride ponding test in 21 

which a 3% NaCl solution was ponded on the surface of the specimen following the approach 22 
described in ASTM C1543-10.  A cylindrical specimen was prepared that was 102 mm (4 in.) 23 
diameter and 203 mm (8 in.) long and allowed to cure for 28 days sealed in plastic bags stored at 24 

23 ± 1 °C. After 28 days, the sample was cut obtaining two half cylinders that were 102 mm (4 25 

in.) diameter and 102 mm (4 in.) long. The sides of each concrete specimen were coated with 26 
epoxy. After the epoxy hardened and dried, a plastic cylinder was affixed to around the top of 27 

each sample, in order to form a dam to contain the salt solutions to be used for ponding.  A 28 
sketch of the sample is shown in Figure 6. 29 
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 1 
Figure 6 – A sketch of the sample used for chloride ponding and the sample after profile 2 

grinding. 3 

After the dam was affixed to the surface water was placed on the specimen to insure that the dam 4 

was water-tight.  The water was then removed and the sample was filled with a 3% NaCl 5 

solution.  It should be noted that water could be reabsorbed by the sample, however the samples 6 
were not vacuum saturated.  The samples were stored in a chamber at 23 ± 1 °C and 50 ± 2% 7 
RH.  Periodically (approximately every 10 days), the salt solution was replaced with fresh 8 

solution.  Once the testing ages were reached (28, 56 and 91 days) the plastic dam was removed 9 
and the epoxy sealed sides were removed.  The concrete was placed on a milling machine and 10 

ground with successively 2 mm steps using a 50 mm diamond tipped drill bit. The powder that 11 
was collected at different depths was analyzed to determine the chloride content as described in 12 
the following section. 13 

 14 
An automated system was used to titrate up to 14 samples (a sample here refers to the powder 15 

obtained at each grinding depth) simultaneously. The acid-soluble chloride content was 16 

determined using a procedure similar to AASHTO T 260; however some modifications to the 17 

specification were adopted as highlighted below. First, 3 grams of ground powder from the 18 
concrete were placed in contact with 10 ml of hot distilled water.  This was mixed for several 19 

mixtures. Then, 3 ml of nitric acid was added to the suspension, stirring the solution 20 
continuously. Next, the solution was diluted with an additional 40 ml of hot distilled water, 21 
yielding approximately 50 ml of sample. Each sample was covered and boiled for 1 minute. It 22 

should be noted that some layers may have a very low chloride concentration that was difficult 23 
for the titrator to detect and as such a full analysis would be done that was both time consuming 24 

and consumed silver nitrate.  In order to alleviate this problem, 1 ml of 0.01M sodium chloride 25 
solution was added to each sample prior to titration. 26 
 27 
The titration probe used in this study did not require the sample to be filtered.  The solution was 28 
placed in the titration unit shown in (Figure 7).  While stirring the solution, the titrator adds 29 

0.01M silver nitrate to the solution in 0.2 ml increments (this addition rate however decreases 30 
while approaching the saturation point), while simultaneously monitoring the electric potential of 31 

the solution with a silver reference electrode. A plot of the electrical potential versus volume-of-32 
titrant (i.e., volume of silver nitrate) is then prepared.  The principle of the test is that as the 33 
chloride (Cl- ions) are paired with the silver (Ag+) ions causing the solution to neutralize and 34 
change the electric potential.  A typical example of this change is shown in Figure 8.  The 35 
chloride content of the sample is determined using the maxima of the first derivative curve of the 36 
potential.  Once the inflection point is reached, the dosing unit stops adding silver nitrate to the 37 
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sample and begins to process the next sample. This entire process takes approximately 5 minutes 1 

for each sample, as compared to approximately 1 hour when the test was performed manually.  2 
The chloride concentration is computed using equation 4 accounting for the silver nitrate that 3 
was added to each sample during sample preparation. 4 

 5 
 6 

     
    [(      )   (      )]       

       
                 eq. 4 7 

 8 

where MCl is the atomic weight of chlorine (35.453 g/mol), VAgNO3 is the total volume of AgNO3 9 

added, VNaCl is the volume of sodium chloride added, CAgNO3 is the concentration of silver nitrate 10 

used for the titration (0.0102 mol/l) and Mpowder is the mass of concrete powder.  11 

 12 
The results of the automated method were compared with those obtained by hand as shown in 13 
Figure 9. The results shown that the chloride content values obtained from both methods are 14 
similar. 15 

 16 

 17 
Figure 7 – Automated titration unit. 18 
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 1 
Figure 8 – An example of a titration response illustrating the change in electrical potential 2 

and how the inflection point was used to determine the initial chloride content. 3 

 4 

 5 
Figure 9 - Comparison of the chloride concentration obtained from a sample of internally 6 

cured concrete at 28d using the conventional titration method and using the automated 7 

titration system. 8 
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6.0 EXPERIMENTAL RESULTS AND DISCUSSION 1 

 2 
6.1 Surface resistivity 3 
The electrical resistance of the concrete is known to be related to the pore volume, the ionic 4 

concentration of pore solution [16, 17] the degree of saturation in the concrete, and the tortuosity 5 
of the pore network. The resistivity of the concrete can be used as a surrogate measurement of 6 
the transport properties since the Nernst-Einstein relationship [21] allows the electrical properties 7 
to be related to ionic diffusion. 8 
 9 

Figure 10 shows the surface resistivity measurements for plain and internally cured samples.  10 
Initially the internally cured concrete has a lower resistivity (likely due to the conductive nature 11 
of the aggregate [14]); however by 56 days the resistivity of the internally cured concrete has a 12 
similar resistivity and at later ages it is more resistive thanks to the enhanced hydration and 13 

denser ITZ [8,11] .   14 
 15 

 16 
Figure 10 – Electrical resistivity if the plain and an internally cured concrete samples kept 17 

in lime water during the testing period. 18 

 19 
It should be noted that by storing the samples in lime water they will hydrate more than a sealed 20 

sample.  While the surface resistivity test is easy to perform, the samples are stored in water 21 
through the test which may not represent the way these specimens are cured in the field.    22 

 23 
6.2   Rapid Chloride Penetration (RCP) 24 
The most widely used method by transportation agencies to assess a concrete’s ability to resist to 25 
chlorides ion penetration is ASTM 1202 (or AASHTO T277).   Similar to the resistivity test 26 
described in section 6.1, the RCP test is influenced by the pore volume, the ionic concentration 27 
of pore solution [22, 23] the degree of saturation in the concrete, and the tortuosity of the pore 28 
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network. However, unlike the resistivity tests, the RCP test samples used in this paper were 1 

sealed until the time of testing and then vacuum saturated.  The results from the rapid chloride 2 
penetrability test are shown in Table 3 for the plain and internally cured concrete. The internally 3 
cured mixture shows consistently lower charge passed.  For example, at an age of 91 days the 4 

internally cured concrete has an RCP value that is approximately 35% lower than the plain 5 
concrete. 6 
 7 

Table 3 – Rapid Chloride Penetration Test Results for the Plain and Internally Cured 8 

Concrete Samples. 9 

 Monroe County Bridge Deck Concrete 

Time [days] Charge Passed [Coulombs] 

 

Plain  

Concrete 

Standard  

Deviation 

Internally Cured 

Concrete 

Standard  

Deviation 

28 4252 116 3822 159 

56 2863 560 2458 55 

91 3174 450 2065 113 

 10 
At the age of 56 days the plain concrete shows a lower value than expected. In fact, at 91 days 11 

the charge passed increases. This can be addressable to a misleading measurement at the age of 12 
56 days. 13 

 14 
The use of the rapid chloride penetration test method can be thought of essentially as a measure 15 

of concrete resistivity. However, it should be noted that RCPT was performed with high voltage 16 
and the sample heated during testing which increase due to Joule effect. As such there is no need 17 
to continue the test for six hours, and changes in the current during this time are most likely due 18 

to increases in temperature, not chloride penetration [24, 25]. Therefore alternative ways have 19 
been developed to measure concrete resistivity and assess the concrete chloride penetration 20 
resistance [23] [22].  21 

 22 
6.3 Rapid Chloride Migration (RCM) 23 
Table 4 shows the non steady migration coefficients obtained at 28, 56 and 91 days for the 24 
concrete samples with and without internal curing. The internally cured concrete shows benefits 25 
of internal curing for each test compared to the plain concrete.  For example, at an age of 91 days 26 
the internally cured concrete has an RCM value that is approximately 15% lower than the plain 27 

concrete. 28 
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Table 4 – Chloride diffusion coefficients obtained from the Rapid Chloride Migration Test. 1 

 Monroe County Bridge Deck Concrete 

Time [day] Diffusion coefficients (m
2
/s) 

 Plain Concrete 

Standard 

deviation 

IC Concrete 

Standard 

deviation 

28 1.42E-11 9.89E-13 1.15E-11 5.65E-13 

56 1.26E-11 4.24E-13 8.98E-12 2.83E-13 

91 3.99E-12 4.24E-13 3.42E-12 1.91E-13 

 2 
Although the internally cured concrete shows lower diffusion coefficients than the plain concrete 3 

from the test when it is performed following the standard, it should be noticed that the diffusion 4 
coefficients may be actually lower for the internally cured concrete.  First, the internally cured 5 
concrete is cut to perform the test.  As such, the cutting of the concrete exposes the porous 6 

lightweight aggregate.  When these cut aggregates are exposed to the solution the chloride can 7 
easily diffuse into the concrete which may not represent what happens in field concrete.  As such 8 

this may skew the results of test with more resistant matrices [26].  In addition, since the sample 9 
is saturated the conductivity of the aggregate may alter the electrical response of the concrete 10 
[27].  Despite these testing anomalies the internally cured concrete performed as well, or better 11 

than the plain concrete. 12 

 13 
6.4 Migration cell 14 
A multi-ionic model considers the electrical coupling between ions, chloride binding, and 15 

chemical reactions was used to interpret the results from the migration cell [20].  This analysis 16 
was performed using a program called STADIUM Lab which used results from the migration 17 
cell along with the porosity results obtained from ASTM C 642 (Table 5). It should be noted that 18 

at the current time it is believed that this code does not consider the porosity of the aggregate 19 
explicitly.  The modeled diffusion coefficients in Table 6 have a similar trend when compared 20 
with the rapid chloride migration test; however the diffusion coefficients obtained with this 21 
method are not directly comparable with one another. 22 
 23 
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Table 5 - Tortuosity modeled by Stadium Lab software and porosity determined in 1 

accordance with ASTM 642. 2 

 Monroe County Bridge Deck Concrete 

Time [days] Porosity % Tortuosity 

 

Plain 

Concrete 

STD 

IC 

Concrete 

STD 

Plain  

Concrete 

IC 

Concrete 

28 12.6 0.49 13.0 0.49 0.0421 0.0284 

91 13.3 0.35 14.5 0.83 0.0377 0.0146 

 3 

Table 6 - Chloride diffusion coefficients obtained using the Migration Cell. 4 

 Monroe County Bridge Deck Concrete 

Time [day] Diffusion coefficients (m
2
/s) 

 Plain  Concrete IC Concrete 

28 8.56E-11 5.78E-11 

91 7.67E-11 2.97E-11 

 5 

The differences in the diffusion coefficients between the plain and internally cured concrete 6 
obtained by Stadium Lab are greater than that observed from the NT Built test method. For 7 
example, at an age of 91 days the internally cured concrete has a chloride diffusion coefficient 8 

value that is approximately half that of the plain concrete. 9 
 10 

The porosity and the pore characteristics of the concrete play a fundamental role in the 11 
permeability and in general on the durability of the concrete. The effects of porosity and pore 12 
characteristics can be captured through a single parameter called tortuosity [28]. Tortuosity, in 13 
fact, depends on the connectivity of the pore system and represents an important physical 14 
quantity for understanding and modeling the transport phenomena that influences the durability 15 

performance [29].  STADIUM Lab also provides a measure of the tortuosity of the pore structure 16 
in concrete as shown in table 5. While the porosity for internally cured concrete is higher due to 17 

the presence of the lightweight aggregates, the tortuosity of the internally cured concrete is lower 18 
than that of the plain concrete presumably due to the increased hydration and densified 19 
interfacial transition zone in internally cured concrete. 20 

 21 

  22 
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6.5  Chloride Ponding and Profiling  1 
Figures 11 through 13 show the acid-soluble chloride content of samples ponded with a 3% NaCl 2 
for a period test of 28 and 91 days, respectively. Figure 11 shows the chloride content for the 3 
plain concrete and the internally cured concrete ponded for 28 days.  4 

 5 
Within the first 8-10 mm the chloride concentration is greater in the internally cured mixture. 6 
This could be explained by the fact that the samples are cut, thereby exposing the pores of the 7 
lightweight aggregates at the surface of the sample. The exposed LWA pores are much larger 8 
than the paste pores. As a consequence LWA pores can work as reservoirs for the chloride 9 

solution which can be easily absorbed and rapidly diffuse into the LWA pores. In addition, the 10 
sample preparation for the chloride ponding may allow a partial drying of the larger pores on the 11 
surface making them easily accessible by the chloride solution. As a consequence higher chloride 12 
concentration may be detected on the surface of the specimen.    13 

 14 
To confirm the artifact of the test method two samples were prepared, a plain concrete and 15 

internally cured concrete at an age of 91 days. The samples were not exposed to water as the 16 
other samples were however they were ponded for 15 minutes with a sodium chloride solution. 17 

The solution was then removed and the samples were ground.  Figure 12 shows that both 18 
concretes absorb fluid.  The internally cured concrete however absorbs more solution near the 19 
surface due to pores of the LWA being connected to the surface.  Field concrete however does 20 

not have exposed aggregate and it appears that the increased concentration of the chloride at the 21 
surface is in part an experimental artifact of the test method.  Additional testing is being done to 22 

better quantify this effect. Consequently, due to the higher concentration at the surface in the 23 
internally cured concrete it could be expected that the chloride concentration would have been 24 
for the entire profile higher compared to the plain concrete. However, as it can be seen from 25 

Figure 11 at depths greater than 8-10 mm the concentration of chloride is already similar for both 26 

mixtures. This confirms the results above where the diffusion coefficient for the internally cured 27 
concrete was found to be lower.  28 
 29 

Figure 13 shows the experimental data after 91 days of ponding. The results show a similar trend 30 
observed for the mixtures ponded for 28 days with the internally cured concrete again showing a 31 

higher chloride concentration within the first 8 mm.  32 
 33 
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 1 
Figure 11 - Chloride content in a plain and internally cured concrete after 28 days of 2 

ponding. 3 

 4 

 5 

Figure 12 - Chloride content in a plain and internally cured concrete at 91 days after only 6 

15 minutes of ponding. 7 
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 1 
Figure 13 – Chloride content in a plain and internally cured concrete after 91 days of 2 

ponding. 3 

 4 

7.0 SUMMARY AND CONCLUSIONS 5 
 6 
This paper reports results from two concrete mixtures consistent with those used in field trials of 7 
concrete placed in bridge decks in Monroe County Indiana.  The bridges were in close proximity 8 

to one another placed by the same contractor using similar materials and construction methods 9 

on consecutive days to obtain a direct comparison of the two mixtures.  The first bridge deck was 10 
made using conventional concrete (i.e., plain concrete) that satisfied typical INDOT 11 
specifications while the second bridge deck was made using a similar mixture however the 12 

concrete had a portion of the fine aggregate replaced with an equivalent volume of prewetted 13 
lightweight aggregate to make an internally cured concrete.  Samples from these mixtures were 14 
used to evaluate the chloride transport performance using a series of tests including: 1) 15 

resistivity, 2) rapid chloride penetration (RCP), 3) rapid chloride migration (the Nord Test), 4) 16 
migration cell testing and 5) chloride ponding and profiling.  Tests were performed 28, 56, and 17 
91 days after casting.  18 
 19 
The diffusion coefficients measured the rapid chloride migration and the migration cell 20 

(STADIUM cell) showed that the internally cured concrete had a lower diffusion coefficient than 21 
the plain concrete (15% and 50%, respectively).  The rapid chloride penetrability of the 22 

internally cured concrete is lower than the plain concrete at all the ages (approximately 35% at 23 
91 days).  The electrical surface resistivity of the internally cured concrete is higher than the 24 
plain concrete. Finally, the internal curing is able to reduce the diffusion coefficients of the 25 
conventional concrete.  This demonstrates that the internally cured concrete has the ability to 26 
reduce transport properties.  It is believed that this is due to increased cement hydration [30] and 27 
reduced porosity at the interfacial zone based on earlier studies.   28 
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 1 

While the all the electrical based tests showed benefits of using internal curing, it should be 2 
noted that some artifacts are believed to exist in the test that are caused by the presence of the 3 
prewetted lightweight aggregates. The use of the cut surface in samples prepared for the rapid 4 

chloride penetration (RCP), rapid chloride migration, migration cell testing and chloride ponding 5 
and profiling enable chloride to enter the lightweight aggregate at the surface which appears to 6 
influence the testing results. This result much more evident in the chloride ponding where higher 7 
chloride concentration on the top of the samples was observed. For example, the chloride 8 
penetration was observed to be higher in the internally cured concrete in the 6 to 8 mm near the 9 

surface.  The diffusion coefficient is however lower in the IC mixtures.  In addition, tests that use 10 
vacuum saturation enable water to fill the lightweight aggregate which allows them to behave as 11 
electrical conductors which reduces the resistivity of the concrete.  Procedures are currently 12 
being developed to quantify these effects and to develop methodologies to account for these 13 

artifacts. 14 
 15 

 16 
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Water Absorption and Critical Degree of Saturation
Relating to Freeze-Thaw Damage in

Concrete Pavement Joints
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Abstract: Fluid ingress is a primary factor that influences freeze-thaw damage in concrete. This paper discusses the influence of fluid ingress
on freeze-thaw damage development. Specifically, this paper examines the influence of entrained air content on the rate of water absorption,
the degree of saturation, and the relationship between the saturation level and freeze-thaw damage. The results indicate that whereas air
content delays the time it takes for concrete to reach a critical degree of saturation it will not prevent the freeze-thaw damage from occurring.
The results of the experiments show that when the degree of saturation exceeds 86–88%, freeze-thaw damage is inevitable with or without
entrained air even with very few freeze-thaw cycles. DOI: 10.1061/(ASCE)MT.1943-5533.0000383. © 2012 American Society of Civil
Engineers.

CE Database subject headings: Absorption; Emissions; Concrete pavements; Deterioration; Freeze and thaw; Joints.

Author keywords: Absorption; Acoustic emission; Air content; Concrete; Concrete pavement; Degree of saturation; Deterioration;
Freeze-thaw; Pavement joint; Water absorption.

Background on the Problem of Joint Deterioration
in Concrete Pavements

Concrete pavements represent a large portion of the transportation
infrastructure. Whereas many of these pavements provide excellent
long-term performance, a portion of these pavements have recently
shown premature joint deterioration throughout the Midwestern
states (Weiss et al. 2007; Sutter et al. 2006; Leech et al. 2008;
Rangaraju et al. 2006). This joint deterioration is problematic be-
cause it compromises the performance and potential service life of
an otherwise healthy pavement. Fig. 1 is photographs of a typical
damaged pavement joint. This type of damage is frequently seen as
either the development of cracking parallel to the joint or spalling
and cracking at the joint from the bottom of the saw cut to the
surface of pavement approximately 4–6 in. from the joint. Unfortu-
nately, damage is not frequently observed at the surface of
the pavement until a significant amount of damage has occurred

inside the joint. During field inspections it has been observed that
where the joints are damaged the sealant is damaged and the joint
contained standing water. Research is needed to better understand
how this standing water may lead to freeze-thaw damage. Further,
this damage occurs in both poorly air entrained and properly air
entrained concrete. As a result, the role of air content needed to
be quantified which is the reason for this study.

Background on Water Absorption and the Critical
Degree of Saturation

Concrete is susceptible to freeze-thaw damage when it is saturated
(Sutter et al. 2006; Leech et al. 2008; Fagerlund 1972, 1975, 1977,
1979, 1981, 2004; Bentz et al. 2001; Litvan 1988; Litvan and
Sereda 1980; Shimada et al. 1991; Beaudoin and Cameron
1972; Feldman 1987; Scherer 1993; Scherer and Valenza 2005;
Sun et al. 2007). Whereas the water content in concrete can be
quantified in several different ways, this paper defines the degree
of saturation (S) as the ratio of the absolute volume of absorbed
water to the total volume of pores (i.e., the total volume of water
that can be absorbed by concrete).

It has been suggested that there is a critical degree of saturation
(Scr) beyond which freeze-thaw damage can begin to initiate
(Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz et al.
2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al.
1991; Beaudoin and Cameron 1972). For degrees of saturation
below the critical degree of saturation freeze-thaw damage is not
observed to occur even after a large number of freeze-thaw cycles
(Fagerlund 1972, 1975, 1977, 1979, 1981, 2004; Bentz et al.
2001; Litvan 1988; Litvan and Sereda 1980; Shimada et al.
1991; Beaudoin and Cameron 1972).

Fig. 2 schematically illustrates the concept of water absorption
and the critical degree of saturation (Fagerlund 2004; Barde et al.
2009). We can begin by assuming that the representative volume
element shown in Fig. 2 is filled with pores with different sizes
at a given spacing. It is assumed that there are two critical values
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that describe the freeze-thaw performance. The first parameter is
related to the degree of saturation as described previously. The
second parameter is related to a “critical flow distance” (i.e.,
Dcr), which is the maximum distance that water can flow from
freezing site to the surrounding nearest air-filled space. Damage
doesn’t occur when the flow distance (D) is below the critical dis-
tance (Dcr) and the degree of saturation (S) is less than the critical
degree of saturation (Scr), as shown in Fig. 2(a). However, the flow
distance increases with the amount of absorbed water (or poor qual-
ity air void system) as does the degree of saturation. If either the
critical flow distance or the critical degree of saturation is exceeded,
frost damage initiates upon the next freezing cycle [Fig. 2(c)]. The
degree of damage can be quantified by the reduction in the dynamic
elastic modulus of concrete, as shown schematically in Fig. 2(d).

In Fig. 2(d) for all the values of degree of saturation below the
critical degree of saturation the amount of damage (reduction is the
elastic modulus) is very small. As soon as the degree of saturation
exceeds the critical degree of saturation, damage initiates in the
material (Fagerlund 1972, 1975, 1977, 2004; Bentz et al. 2001).

The quality of air distribution and the volume of the air are two
important parameters affecting the freeze-thaw resistance of the
system. The quality of the air system is related to the critical flow
distance whereas the quantity of the air voids (volume of air) is
related to the critical degree of saturation. A fully saturated system,
however, regardless of the quantity and quality of the air cannot
even sustain a single freezing cycle without accumulating a signifi-
cant amount of damage (Litvan 1988).

Background on Use of Acoustic Emission to
Quantify Freeze-Thaw Damage

Acoustic emission (AE) is a nondestructive test method that is on
the basis of measuring the release of energy in concrete (e.g., the
release of energy that occurs at the time of cracking). However, AE
can be performed in either a passive (i.e., capturing the acoustic
wave generated because of the formation of permanent defect such
as crack) or active (i.e., using one transducer to generate a pulse and
another transducer to capture the same pulse (in the simplest ar-
rangement). Classically, AE is typically performed in passive mode
in cement/concrete studies (Ohtsu 1999, Ohtsu and Shigeishi 1993;
Bentz et al. 2008; Hossain et al. 2003; Shah and Weiss 2006; Kim
and Weiss 2003; Moon and Weiss 2006; Ouyang et al. 1991a,
1991b; Suaris and Van Mier 1995, 1993; Pour-Ghaz et al. 2010;
Puri and Weiss 2006; Yang et al. 2006; Yoon et al. 1999). The
AE has been used in concrete to assess damage attributable to re-
strained shrinkage (Bentz et al. 2008; Hossain et al. 2003; Shah
and Weiss 2006; Kim and Weiss 2003; Moon and Weiss 2006)
and mechanical loading (Ouyang et al. 1991a, 1991b; Suaris and
Van Mier 1995, 1993; Pour-Ghaz et al. 2010; Puri and Weiss 2006;
Yang et al. 2006; Yoon et al. 1999). The AE has also been used to
monitor freezing and thawing of mortar and it was observed that
activity during both freezing and thawing (Shimada et al. 1991;
Krishnan 2002).

In the present work the evolution of damage in concrete during
freeze-thaw cycles was monitored using both active and passive
AE. The reduced relative dynamic elastic modulus was calculated
for each cycle according to the transmitting time of waves using
active AE. Passive AE was recorded to better understand the dam-
age that develops during the freeze-thaw cycle.

Hypothesis and Outline for Experimental
Investigation

There has been a great deal of debate on possible causes of joint
deterioration in concrete pavements. It is the hypothesis of this

Fig. 1. Field observation showing damage in pavement joints

Fig. 2. Schematic of relation between degree of saturation with freeze-
thaw damage (10, 19)
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work that the presence of water (or solution containing deicing salt
solutions) in the joints plays a significant role in the deterioration of
concrete pavement joints. First, it is hypothesized that joints can
hold water or deicing fluids substantially longer than other parts
of the pavement because of the specific geometry of the joint as
shown in Fig. 3 (especially if the joint does not crack). This would
enable the concrete at the joint to become preferentially saturated.
The potential for a joint to hold water increases when the joint seal-
ant is damaged or missing, at low spots in the pavement, and when
the joint does not crack and open as designed (as has been noticed
in the field). It is hypothesized that this propensity for saturation
could make the concrete more susceptible to local freeze-thaw
damage. Second, it is hypothesized that the use of air entrainment
can increase the resistance to joint deterioration, however, it is also
believed that the use of air entrainment will not eliminate the po-
tential for damage to occur. The addition of air entrainment is be-
lieved to extend the time required for the concrete to reach to the
critical degree of saturation.

Whereas other factors can contribute to joint deterioration (e.g.,
the use of specific deicers, curing conditions, mixture proportions,
construction details), they are not specifically considered in this
paper. The scope of this paper is to examine the role of air entrain-
ment on the rate of water ingress and degree of saturation increase
in concrete. Second, this paper provides data to relate the degree of
saturation to freeze-thaw damage in air entrained and nonair en-
trained concrete.

Experimental Plan

This section describes mixture proportioning, specimen condition-
ing, and the procedures of the testing in detail.

Mixture Proportions

Three mortar mixtures were prepared with different air contents
(6, 10, 14% air by volume as measured in mortar). The air volume
was calculated for an equivalent paste and concrete system, respec-
tively, with the assumptions shown in Table 1. All specimens were
made with ordinary Portland cement (Type I) and had a water to

cement ratio (w=c) of 0.42 which is typical of concrete pavements
in the state of Indiana. Table 1 presents the proportions of the ma-
terials that were used.

Mixing was performed in accordance with ASTM C192-06
(ASTM 2006). Two specimen geometries were used in this
study: cylinders (25 mmheight × 100 mmdiameter) and prisms
(25 mm × 25 mm × 125 mm). Cylindrical specimens were used
for the water absorption test. The prisms specimens were used
to evaluate the freeze-thaw damage development using AE. These
specimens were cut from larger specimens.

Specimen Conditioning

The method of the specimen conditioning prior to water absorption
testing can substantially influence the results of the test (Castro et al.
2011, 2010; Spragg et al. 2011). If the specimen is not properly
conditioned, it can lead to a misunderstanding of the actual absorp-
tion behavior (Castro et al. 2011, 2010; Spragg et al. 2011). Be-
cause of the significance of conditioning and necessity for the
specimens to reach equilibrium, the standard curing procedures
were not used (Scherer and Valenza 2005). The procedure that
was used in this study allowed the specimens to equilibrate for
a longer period.

The cylindrical specimens were cut 24 h after casting from a
larger cylindrical sample and sealed in two layers of plastic.
The specimens were stored at 23� 1°C for 28 days. After 28 days
the specimens were removed from the plastic bag and placed in
50��1, 65� 1, and 80� 1% relative humidity (RH) environ-
ments in which they were kept for more than a year to equilibrate.
Table 2 lists the air content and RH of each specimen.

Water Absorption

A procedure similar to ASTM C1585-04 (ASTM 2004) was used,
however, the specimens were not conditioned following the accel-
erated ASTM testing procedure (described previously). After con-
ditioning, the outer circumference of the specimen was sealed with
two layers of epoxy resin. After the epoxy hardened, the specimens
were placed under water. Two small spacers were placed under the
sample to provide a small gap between the bottom of the container
and the lower surface of the sample. This allowed water absorption
from both circular surfaces (Fig. 4).

Freeze-Thaw Testing

This section describes specimen preparation and procedures used in
freeze-thaw testing.

Fig. 3. Cross section of the joints in pavement

Table 1. Mixture Proportions and Constituent Materials

Air content of paste (% by
volume of mortara/concreteb)

Cement (Type I)
(kg=m3)

Water
(kg=m3)

Sand
(kg=m3)

13 (6=4) 573.3 240.8 1,333.3

22 (10=7) 548.9 230.6 1,276.5

31 (14=9) 524.5 220.3 1,219.8
aIn calculating the equivalent air content in mortar it was assumed 45%
paste by volume of the mortar.
bIn calculating the equivalent air content in concrete it was assumed 30%
paste by volume of the concrete.

Table 2. Initial Condition, Air Content, and Namely Scheme for
Specimens Used in the Present Study

Specimen name Air content of the paste (%) RH (%)

50-13a 13 50

65-13 13 65

80-13 13 80

50-22 22 50

65-22 22 65

80-22 22 80

50-31 31 50

65-31 31 65

80-31 31 80
aThe first number shows the initial humidity of the specimen (e.g., 50-13 is
50% RH); the second number shows the air content of mortar of the speci-
men (e.g., 50-13 is 13% air by volume of paste).
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Specimen Saturation
The prismatic specimens were prepared to have different degrees
of saturation before freeze-thaw testing was performed. The
specimens were oven dried in steps to 105°C where they were
maintained for 2 days. The specimens were then placed in a des-
iccator and evacuated to a residual pressure of 30 mm Hg
(4,000 Pa) for 3 h. After evacuation and while still under vacuum,
water was introduced into the desiccators to cover the specimens.
The specimens were left in the desiccators for 24 h. This condition
was considered as saturated (i.e., 100% degree of saturation). The
degree of saturation was reduced for some specimens (i.e., 0.96,
0.92, 0.90, 0.86, 0.82, and 0.78) by short periods of drying at
23°C and 50% RH During the drying period, the mass of the spec-
imens was closely monitored. After drying, all the specimens were
sealed in plastic bags for a minimum of 3 days to allow moisture to
redistribute before freezing and thawing testing.

Preparation of the Specimen for Freezing and
Thawing

Fig. 5 shows the procedure used for preparing the specimens for
AE testing during freeze-thaw cycles. The specimens were first

preconditioned to different degrees of saturation as described
previously. After preconditioning, the specimens were wrapped
with a thin plastic sheet as shown in Fig. 5(a). The thin plastic sheet
was used to protect the sample from further drying during the han-
dling. The specimens were then sealed with a “heat shrink wrap” to
further protect the specimens against moisture exchange with sur-
roundings (prevent them from absorbing or releasing water during
the freeze-thaw process) as shown in Fig. 5(b). It is important to
note that the “heat shrink wrap” was in loose contact with sample
(with the exception of the specimen ends) so that the specimen can
expand freely during the test whereas minimizing any restraint.

The AE sensors (transducers) were attached on the two ends
with a thin layer of vacuum grease as shown in Fig. 5(c). Fig. 6
shows that all the specimens were placed on a suspended base
in testing to minimize noise/vibration transmission from surround-
ing environment. The threshold was set at 60 dB and 34 dB for
active and passive AE, respectively. Testing was also performed
on dry specimens to ensure that sounds were not being recorded
from the environment, freezing unit, or coupling agent (Pour-Ghaz
and Weiss 2010).

Temperature Cycle used for Freeze-Thaw Testing

Fig. 7 shows the temperature cycle (in air) which allows one cycle
per day. Temperature was controlled to vary from 10� 1°C to
�18� 1°C. The rate of the temperature change was 14°C=h result-
ing in a 2-h transition period and two 10-h periods at 10� 1°C and
�18� 1°C, respectively.

Fig. 4. Double-sided sorption test of specimen with 1-in. thickness

Fig. 5. Specimens prepared for AE testing during freeze-thaw cycle:
(a) thin plastic sheet to avoid evaporation during specimen preparation
and handling; (b) specimen covered by heat shrinkable wrap to avoid
evaporation during specimen preparation and handling; (c) acoustic
emission sensors installed at the both ends of the specimens

Fig. 6. Specimens placed on a suspended base to eliminate vibration
and noise from surrounding environment (inside of freeze-thaw
chamber)
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Experimental Results and Discussion

Water Absorption

Sorptivity
The amount of absorbed water (I) is normalized by the cross-
sectional area exposed to water as outlined in ASTM C1585
(ASTM 2004)

I ¼ mt=ða:dÞ ð1Þ

where mt = change in specimen mass at time t in grams; a = area of
the both sides exposed to water in mm2; and d = density of water
in g=mm3.

Sorptivity is defined as the slope of the water absorption versus
square root of time curve (ASTM 2004). The initial sorptivity is the
slope of this curve within the first 6 h, whereas the secondary sorp-
tivity is the slope of the curve between 1 and 8 days.

Fig. 8(a) illustrates the sorption results for the specimens con-
ditioned at 50% RH with 13 and 31% air contents by volume of
paste. The specimens show a similar sorptivity (slope of the curves)
and amount of absorbed water initially; however, over time the
specimens with higher volumes of air absorb more water. This oc-
curs because the air voids provide space for water (Helmuth 1961;
Warris 1964), however, the diffusion of air and the overpressure in
the air bubbles delays water absorption which corresponds for the
long time to saturation (Fagerlund 1993, 1995, 2004). Although the
secondary sorptivity for sample with higher air content is higher,
this sample requires to absorb more water to reach to the critical
degree of saturation.

Fig. 8(b) shows the water absorption results for specimens con-
ditioned at 65% RH. Comparing this result with Fig. 8(a) suggests
that the amount of absorbed water for the specimens conditioned at
65% RH is lower than that of specimens conditioned at 50% RH
with the same air content. Fig. 8(c) shows the absorption for spec-
imens conditioned at 80% RH. The specimens at 65% RH and 50%
RH show a nick point at the end of the 6 h on a water absorption
square root of time curve, however, the nick point can not be seen
on the results of 80% RH and a more graduate rate of absorption
can be seen.

The RH in which the specimens were conditioned in has a sig-
nificant impact on the results (Castro et al. 2011, 2010; Spragg et al.
2011). The driving force of unsaturated fluid transport is the capil-
lary suction (Hall and Hoff 2002; Martys and Ferraris 1997; Hanžič
et al. 2010). When samples are in equilibrium with a lower RH, a
larger volume of pores are empty and available to be filled with
water during the water sorption. Furthermore, at lower humidity,

the maximum size of the pores that is filled with water is smaller,
creating a higher suction force. The overall effect will be higher rate
of water absorption and high volume of absorbed water.

Degree of Saturation
Fig. 9 shows the degree of saturation (S) of the specimens condi-
tioned at 50, 65, and 80% RH with two air contents (13 and 31% by
volume of paste). The degree of saturation is plotted as a function of

Fig. 7. Temperature cycle used in freeze-thaw experiment (air
temperature)

Fig. 8. Effect of air content and initial moisture on water absorbed:
(a) 50% RH; (b) 65% RH; (c) 80% RH
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squareroot of time on the lower x-axis whereas actual time is shown
on the upper x-axis.

The most striking feature of the graphs in Fig. 9 is the fact that
the degree of saturation decreases with air content. At the end of
the initial 6-h sorption period, samples with lower air content
show higher degree of saturation. For samples equilibrated at 50%
RH, the degree of saturation is 39% less when the air content
increases 10%, the decrease in degree of saturation for samples
equilibrated at 65% and 80% RH is 23% and 26%, respectively.

The secondary rate of absorption (Fig. 8) is different for samples
with different air content; however, in Fig. 9 the secondary rate of
increase in degree of saturation is approximately the same for ma-
terials with different air content. This suggests that for an equal
time of exposure to water, the specimen with the higher air content
has a lower degree of saturation (Fagerlund 1993, 1995, 2004).

The secondary rate of increase in degree of saturation can be
fitted with a linear function to estimate the amount of absorbed
water over a long period of time. The linear fit used in Fig. 9 is
shown with a solid line. Because the objective here is to estimate
the degree of saturation over a long period of time, only the date
between 100 and 240 days is used in fitting this straight line. Using
this linear function, the time to reach to critical degree of saturation
is calculated for each specimen with different air content and initial
equilibrium condition and reported in Table 3.

Freeze-Thaw Testing

Monitoring the Damage Development Using Active Acoustic
Emission
The relative dynamic elastic modulus is frequently used as an index
to evaluate the extent of damage (Fagerlund 1972, 1975, 1977,
1979, 1981, 2004; Bentz et al. 2001; Litvan 1988; Litvan and
Sereda 1980; Shimada et al. 1991). Using active AE, the transmis-
sion time of a single pulse was measured along the sample. The
transmission time along the length of the sample was measured
in both directions (i.e., from Sensor 1 to 2 and from Sensor 2
to 1). The transmission time was measured three times in each di-
rection and the average transmission time is reported here (average
of 6 values). The transmitting time was measured after each cycle
when the temperature was stable at 10°C for a minimum of 2 h.

The relative elastic modulus, i.e., Et=Eo, is square proportional
to the velocity of wave transmitting through materials, which is
inversely square proportional to the ratio of the wave transmission
times (ASTM 2008), as shown in Eq. (2). Damage parameter (D)
can also be estimated using Eq. (2).

D ¼ 1� Et=Eo ¼ 1� ðTo=TtÞ2 ð2Þ

where Eo, To = dynamic elastic modulus before freeze-thaw testing
began and corresponding transmitting time; and Et, Tt = dynamic
elastic modulus during testing at any time t and corresponding
transmitting time.

The main cracks were along the direction of wave propagation
and as such the wave is least sensitive to these cracks, however, the
damage was still easily recorded.

Fig. 9. Results of sorption test provided as increase in the degree of
saturation: (a) 50% RH; (b) 65% RH; (c) 80% RH

Table 3. Time to Reach to the Critical Level of Saturation (88%) for the
Specimens with Different Air Content

Initial
RH (%)

Air content by
volume
of paste
(%)

Secondary
sorptivity

(mm3=mm2:d0:5)

Time to reach the critical
degree of saturation

(88%) (Scr) in
years (�1:7%)

50 13 0.485 0.011 (4d)

22 0.691 5.08

31 0.750 6.10

65 13 0.368 0.016 (6d)

22 0.513 5.63

31 0.785 5.90

80 13 0.563 0.015 (5d)

22 0.606 4.00

31 1.009 5.82
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Fig. 10 illustrates the damage index [Eq. (2)] with increasing
cycles of freezing and thawing. The damage initiates during the
first cycle when the degree of saturation is above 86 ∼ 88%.
The specimens with lower degree of saturation do not show damage
whereas specimens with a higher degree of saturation show a rapid
deterioration. The saturated specimens (S ¼ 100%) can not sustain
more than three cycles before complete failure occurs.

Fig. 11 shows the rate of damage (dD) development per freeze-
thaw cycle (dN) (as determined by the slope of Fig. 10) for spec-
imens with different degrees of saturation. A critical degree of
saturation appears to occur at approximately 86–88%. The critical
degree of saturation appears to be independent of the air content.

Acoustic Energy Measured Using Passive Acoustic Emission
Fig. 12 shows the amplitude of the acoustic events as a function
time for a specimen with 96% degree of saturation and 13% air
content during freezing cycle. The temperature is the temperature
measured in the center of the mortar specimen. Fig. 12(a) illustrates
the amplitude distribution for the first freeze-thaw cycle and
Fig. 12(b) illustrates the amplitude distribution during the second
freeze-thaw cycle for the same specimen.

In Fig. 12(a) the acoustic events begin to occur as the temper-
ature of the specimen decreases. A cluster of acoustic event is
shown in Fig. 12(a) as highlighted by the ellipsoid. This cluster

of data is not seen in Fig. 12(b). These events can be attributed
to microcracking of the specimen because of the thermal loading,
which may be a result of temperature gradient or a result of thermal
expansion coefficient mismatch between the paste and aggregate.
Because the thermal loading is not changed during the second
cycle, the damage attributed to thermal loading does not exceed
the previous level of damage in materials and additional cracking
would not be expected (Kaiser 1950; Kline and Egle 1987).

In Fig. 12 the acoustic events begin to increase dramatically
after the temperature drops below�8°C in both cycles. The number
of events is higher in the first cycle compared to the second cycle as
more cracking would be expected in the first freeze-thaw cycle
whereas these cracks would be expected to extend in the following
cycles. The damage at the point (below�8°C) is likely attributed to
formation of ice and cracking inside the specimen. This is consis-
tent with the observation that pore solution freezes below 0°C be-
cause of pore confinement and dissolved ions in pore solution
(Fagerlund 1973; Helmuth 1960).

Desorption Isotherm

Fig. 13 shows the desorption isotherm for the specimens with 13
and 31% air content by volume of paste. The desorption curve dem-
onstrates the mass of water lost from the specimen at each RH step
(i.e., different pore sizes begin to empty out at different RHs start-
ing with large pores at high RHs and smaller pores at lower humid-
ities). The profile of the desorption curve is similar for both
specimens until high RHs, i.e., 97.5% RH. At RHs higher than
97.5%, a larger difference of the porosity can be seen. This differ-
ence corresponds to the air entrained porosity.

Fig. 10. Decrease of the relative dynamic elastic modulus with freeze-
thaw cycles of the specimen with 13% air content by volume of the
paste

Fig. 11. Rate of decrease of relative dynamic elastic modulus with
degree of saturation

Fig. 12. Amplitude in the transition time of freezing (96S): (a) first
cycle; (b) second cycle
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The critical degree of saturation (88%) corresponds to RH of
98.4% for specimen with 13% air content and 98.96% RH for
specimen with 31% air content, respectively. This implies that
some of the air entrained pores are water filled when the specimen
is at or above critical degree of saturation. The difference in mass
loss between the 13 and 31% air content at 2.5% RH is currently
unknown, however, this is repeatable between specimens.

Calculated Time to Reach the Critical Degree of
Saturation

The rate of absorption of water and its relation to the degree of
saturation was discussed previously and the influence of the degree
of saturation on freeze-thaw damage was discussed after that. To
better understand how these findings can be related to one another
to predict the time to freeze-thaw damage, a linear function was fit
to the plot of degree of saturation verses squareroot of time data
(using the secondary absorption).

Table 3 shows the time required for each specimen equilibrated
at different initial conditions to reach the critical degree of satura-
tion (i.e., 88% in this study). Specimens without air entrainment
can reach to the critical degree of saturation within days
(4 ∼ 6 days). The use of air entrainment raised the air content
and decreases the degree of saturation. This increases the time
to reach a critical degree of saturation to 3 ∼ 6 years. The rate
of water absorption is substantially different in the systems with
entrained air compared to nonair entrained systems.

Conclusions

The water absorption of mortar containing different volumes of en-
trained air was examined in this study. whereas tests like ASTM C
1585-04 (ASTM 2004) can be used to provide an index of water
absorption, the differences between nonair entrained and air en-
trained systems were small when only mass gain was investigated.
Whereas the absorption rates in plain and air entrained systems
were similar, initially the air entrained system showed a higher rate
of ingress at later ages. By normalizing the results of water absorp-
tion in terms of the degree of saturation, a clear distinction between
the nonair entrained and air entrained mixtures can be made.
Whereas the nonair entrained system took 4–6 days to reach
88% saturation, the air entrained system is estimated to require
approximately 3–6 years. This shows that entrained air will sub-
stantially increase the time to failure.

The damage attributable to freeze-thaw was monitored using
both passive and active AE. A critical degree of saturation was ob-
served with specimens that have a degree of saturation greater than
the 86–88% exhibiting damage during the few freeze-thaw cycles.

The critical degree of saturation appears to be independent of the
air content as materials with a degree of saturation above the critical
degree undergoing damage after a few of freeze-thaw cycles irre-
spective of the air content. The volume of air and quality of the air
void system however likely has a strong relation to the critical flow
distance.

Increasing the air content resulted in a longer time for the mortar
to reach to the critical degree of saturation. Whereas increasing the
air content can delay the time freeze-thaw damage initiates in prac-
tice, it appears that increasing of the air content can not eliminate
the potential for freeze-thaw damage. To solve this problem, the
benefits of sealers as well as improving the understanding of the
correlation between the critical spacing and the degree of saturation
and the freezing rate are being investigated.
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Electrical impedance measurement techniques are being increasingly used to measure material property
development and permeability of concrete and other cement based materials. This paper describes the
development of an automated electrical measurement system (AEMS) for measuring the properties of
cementitious materials. The components of this system are an electrical impedance spectrometer, a digital
multi-meter, a switching unit, and a customized software (AEMS) which communicates between different
components of the system to control the testing and to collect data. This system enables electrical properties
of multiple specimens to be measured in an automated fashion thereby making this approach very amenable
for use in quality control applications. Further, an extension of this system is proposed which would enable
its use to detect flaws in concrete using electrical imaging.
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1. Introduction

Electrical impedance measurement techniques have been shown
to provide useful information that can be used to characterize
cementitious systems [1–3]. This technique studies the system
response to the application of a small amplitude alternating potential
signal at different frequencies. AC electrical impedancemeasurements
have the advantages of being non-invasive and non-destructive,
require little in term of preparation of the sample, and offer the
possibility of continual measurements to describe the effect of
hydration [4,5] drying [6], or permeability [7].

Electrical impedance techniques have been used in different
research projects in concrete to study a wide range of concrete
properties specifically this included studies on the microstructural
development of cementitious materials [8,9], precipitation of calcium
hydroxide on the surface of steel after the setting of the mortar [10],
long-term effectiveness of concrete inhibitors for steel in concrete
[11–15], the chloride diffusivity in concrete [16], chloride permeabil-
ity of high performance concrete [17], detection of damage during
tensile loading of cement composites [18], freezing of water in
Portland cement paste [19], water penetration in concrete [20–22],
setting time of concrete [23,24], measuring the concrete internal
moisture content [25], and assessing the change inmicrostructure due
to rapid chloride permeability test [26,27].

While numerous applications exit, they are frequently limited to the
measurement of one sample at a time. It is regularly necessary to
conduct experimental measurements at multiple locations in a sample
or onmultiple specimens. For example, Schmit [28] described the use of
multiple sensors and quantified the influence of sensor position and
number in uncertainty of the results. The ability to perform multiple
measurements is very valuable for monitoring the hydration process,
monitoring multiple specimens, or imaging the crack by electrical
impedance measurements [29]. In addition, a single measurement
cannot properly represent the behavior of a material. To improve
measurements accuracymultiplemeasurements are needed. This paper
describes the development of a user friendly Automatic Electrical
Monitoring System (AEMS). By using this system, multiple electrical
measurements can be performed on specimens and different properties
of concrete materials can be monitored. The developed system is
discussed and some applications of the AEMSwere shown in this paper.

2. Objective

This paper describes the development of an Automated Electrical
Monitoring System (AEMS). The data acquisition system consists of a
computer, a Keithley digital multi-meter and switching unit [30], and
Solartron 1260 impedance spectrometer1 [31]. The role of the
software is to communicate between all components of the system
and to control data collection. This paper shows that the system is
reliable for both short and long-term monitoring. Further, this paper
points out that while in the past the use of electrical impedance
cial products are identified in this paper to specify the materials
employed. In no case does such identification imply endorsement
oes it indicate that the products are necessarily the best available
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Fig. 2. Components of the system.
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measurement techniques has been time consuming, automation
enables these measurements to be performed efficiently. This enables
new applications, like electrical imaging, to be performed effectively
and enables EIS to be extended for use in daily quality control
processes such as permeability measurements. Since electrical
impedance requires less preparation and time, it can be a good
replacement for the tests like rapid chloride permeability which is
time consuming and can alter the microstructure of the concrete.

3. Component of the measurement system

The system developed for this investigation can be used to
measure the AC electrical impedance response of the material. The
components in the system consist of an impedance spectrometer,
digital multi-meter, and a switching unit.

The electrical impedance spectrometer used in this study is capable
of performing only one measurement at a time. There are multi-
channel spectrometer units on the commercial market. However, in
addition to their high cost most of the units are limited to only a few
measurements (up to 16) at a timewhich alsomay be a limiting factor.

The digital multi-meter and switching unit chosen for this project
included a Keithley model 2750 mainframe which has five slots and a
model 2700 which has two slots for inserting the plug-in switch/
control modules. Each slot can support a series of multiplexer, matrix,
or control modules. For example the Module 7708 which was used in
this project has 40 channels. The general features of this module are
described in [32]. The role of the mainframe is to communicate
between channels. Temperature can also be measured using this
system as this is needed for temperature corrections [33].

For each impedance measurement (each sample), 2 channels are
required, (i.e., the Keithley model 2750 mainframe with five 7708
modules can be used for 100 impedance measurements). If more than
100 measurements are necessary, several mainframes can be joined
together to provide the appropriate number of channels.

To combine the mentioned components, the software (named
AEMS) was developed, using LabVIEW. This software selects the
sample that will be tested and then runs the impedance spectrometer
on that sample. After the measurements are completed, the AEMS,
stops the spectrometer, switches the sample and runs the test again.
The measurements are performed one by one not simultaneously. In
all the graphs shown in the paper, this time is considered. This time
for AC measurements is a function of selected frequency and in all
examples in this paper it was about 40 s. However, when the concrete
is hardened, this time difference is not considerable. If some interval
time is necessary between measurements, the AEMS can be
programmed to place the necessary time interval between measure-
ments. In addition, the AEMS can communicate with themainframe to
Fig. 1. Schematic relationship between the components of the system.

Fig. 3. Schematic view of the cylindrical paste specimens, used to measure variability in
cement paste.
measure voltage, DC resistance and temperature independent from
the spectrometer. Fig. 1 schematically shows the component of the
system and the actual parts are shown in Fig. 2.

While an RS-232 serial port was used to control the multi-meter
and switching system in this study, faster data transfer can be
performed using a GPIB2 [34] card. The role of the AEMS software is to
control and switch the channels for each measurement, to control and
run the spectrometer and save data to the computer for later analysis.
2 The General Purpose Interface Bus (GPIB) is an industry standard published by the
Institute of Electrical and Electronic Engineers (IEEE) as ANSI/IEEE Standard 488. GPIB
defines the electrical, mechanical, functional, and software specifications of an
interfacing system to connect PCs to programmable instrument.



Fig. 4. Schematic view of the container with known geometry, to measure the
conductivity of the solutions.
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The software contains options which enable the user to set the
number of samples, measurement frequency, and the time between
each set of measurements. The saved data can be opened and
analyzed in Excel®. Based on the number of measurements, one may
end upwith thousands of data files. Therefore, a macrowas developed
to automatically analyze individual data and place the summarized
results in a worksheet.

4. Experimental results

To verify the performance of the switching units, two simple
experiments were conducted. In the first test, a known resistor (10 Ω)
was connected to all available channels and the resistance was
measured. In the second test, a known potential was measured, using
Fig. 5. Development of the conductivity of (a) 15 cement paste samples withw/c=0.45
and, (b) 5 cement paste samples with w/c=0.5.
all channels. Results show that there is no significant difference
between measured values with each channels and the relative
standard deviation was less than 0.005%.

4.1. Electrical conductivity of cement paste sample during hydration

Electrical measurements can provide information about the
change in pore structure due to hydration process [23,35]. It is
important to use multiple specimens for these measurements due to
the inhomogeneity and corresponding variability of cementitious
materials. To determine the variation between different samples the
electrical conductivity of cement paste samples was measured using
cylindrical paste specimens as described in Fig. 3. Type I ordinary
Portland cement was used with a Blaine fineness of 360 m2/kg and a
Bogue phase composition of 60% C3S, 12% C2S, 12% C3A, 7% C4AF and
Na2O equivalent of 0.72%. Fifteen samples were prepared with a w/c
of 0.45 and 5 samples were prepared with a w/c of 0.50. The
measurement frequency range that was used for the tests ranged from
1 MHz to 10 Hz with ten measurements per decade using the 500 mV
AC stimulus. To determine the conductivity of the material, the bulk
resistance (Rb) obtained from the impedance response normalized for
the effects of specimen and electrode geometries, using the following
equation:

σt = k = Rb ð1Þ

where, σt is the conductivity (S/m) of the paste, Rb is the measured
bulk resistance (Ω) and k is a geometry factor. The geometry factor
Fig. 6. Relative standard deviation between (a) 15 cement paste samples, withw/c=0.45,
at different ages and, (b) between 5 cement paste samples, with w/c=0.50, at different
ages.



Table 1
Mixture proportions of concrete samples.

Materials Batch proportion for 100 kg (kg)

w/c=0.48,
no WR

w/c=0.53,
no WR

w/c=0.48
with WR

Cement (Type I) 8.0 8.0 8.0
Water 3.9 4.3 3.9
Coarse aggregate 68.9 68.6 68.7
Fine aggregate 19.1 19.0 19.0
Water reducer (WR) 0.0 0.0 0.3
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was determined by filling the molds with solutions of known
conductivity and measuring the bulk resistance between the electro-
des. In this experiment two sodium chloride solutions were prepared
with two different concentrations (0.1 M and 1 M). The conductivity
of the two solutions was measured (7.72 and 1.01 S/m for 1 M and
0.1 M solutions, respectively), using a container with known
geometry as shown in Fig. 4. By using this information, the value of
the geometry factor, k, was calculated to be 15.5/m for the geometry
shown in Fig. 3.

The electrical impedance of the samples was measured for 7 days,
starting 30 min after casting. Fig. 5 shows the conductivity of the
samples with w/c of 0.45 and 0.50, respectively. At the end of the test,
all samples were inspected to ascertain the uniformity of specimen.

It can be seen that the conductivity of all samples follows the same
pattern. As expected, the conductivity decreases as the system
hydrates [36–38].

To better assess the variation, the relative standard deviation
(RSD) can be used. The RSD is useful for comparing the uncertainty
between different measurements of varying absolute magnitude. The
Fig. 7. Histogram of conductivity of paste samples with w/c=0.45 (a) 24 h after
casting, (b) 72 h after casting.
RSD is the absolute value of the coefficient of variation calculated using
Eq. (2):

RSD =
ðStandard devation of conductivityÞ

Average of conductivity
× 100 ð2Þ

Fig. 6 shows the RSD of the samples at different ages. Results show
that, even when the samples are made from one mixture there is
variability in the conductivity of the samples, especially at early ages
when the properties change most dramatically. However, the RSD
decreases over time as the measurements stabilize. This is shown in
Fig. 7, which gives the histograms of conductivities for w/c=0.45 (15
samples) at two different ages. The maximum difference is less than
10% for w/c=0.45 and 3.5% for w/c=0.50 at all ages.

4.2. Electrical conductivity of concrete sample

To show the capability of the AEMS, the conductivity of concrete
cylinderswasmeasuredwith differentmixture proportions (shown in
Table 1). For this purpose, 200 mm (diameter)×400 mm (length)
concrete cylinders were prepared with two (1.9 mm diameter)
stainless steel rods as the electrodes. The electrodes were spaced
100 mm apart from each other and fixed in the mold. For each
mixture, five cylinders were cast and impedance tests were
performed every 15 min. The impedance measurements began
30 min after casting and continued for 7 days. Results show that the
conductivities of all five samples of each mixture have very similar
results with the RSD between 1 and 2.5% as can be seen in Fig. 9. As can
be seen in Fig. 8, at about 10 h, the conductivity of concrete samples is
similar. It is obvious from the results that impedance spectroscopy
technique is capable to evaluate and compare different samples with
different mixture proportions.
Fig. 8. Conductivity of concrete with three different mixture proportions, shown in
Table 1.



Fig. 9. Relative standard deviation between concrete samples with three different
mixture proportions, shown in Table 1, at different ages.

Fig. 11. Image of the concrete sample (a) without and (b) with saw cut, created by
electrical impedance measurements.
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4.3. Crack imaging in cement paste and concrete, using impedance
spectroscopy

Electrical impedance imaging has been used by many researchers
in the medical field to monitor various physiological variables [39–
41]. Previous studies indicated that this technique can also be used in
imaging the defects in cementitious materials [29,42]; however,
studies in cement are somewhat limited. The approach consists of
measuring the impedance at different locations on the surface of the
concrete and constructing electrical conductivity (or resistivity)
contour plot from the measured impedances. Since the presence of
damage (e.g., a crack) changes the path of electrical flow in the
concrete, any damage will appear on the plot. Electrical contour plots
can be used to locate visible and invisible damage. In order to
investigate this technique a small test unit developed consisting of
twenty electrodes, as shown in Fig. 10. The impedance was measured
between each pin, in X and Y directions. Then the measured values
were used to construct electrical resistance contour plots. For this
experiment, two concrete samples were prepared with water:
cement:coarse aggregates:fine aggregates ratio of 0.4:1:3:2.85:2.37.
The measurement frequency range was 1 MHz to 10 Hz, with the
500 mV AC stimulus. After performing the measurements, the
resistances measured between each pin were normalized based on
the maximum measured value in each case and then the normalized
values were mapped. Fig. 11 shows the constructed image. The
location of the saw cut is clearly visible in this image. A similar setup
Fig. 10. The dimensions of the concrete samples and the measurement setup, used for
imaging: (a) concrete sample with no cut, and (b) concrete sample with the saw cut.
(with different size and spacing between electrodes) can be used to
determine the location of the damaged area beneath the sealed saw
cut or joints which is currently under investigation.

5. Conclusion

This paper described an approach to automate electrical imped-
ance measurements with an automated electrical monitoring system
(AEMS) that enable multiple measurements to be made.

This switching system enables measurements to be performed on
multiple specimens or where multiple locations are needed. This
enables the aging processes be better quantified, allows variability to
be qualified for quality control, and enables electrical imaging to be
performed.

The system described in this paper was successfully used to
investigate the behavior of concrete sample with different mixture
proportions by continuously monitoring their conductivity. In
addition, variability among different samples was studied and the
results show that there is variability between samples even cast from
one batch which needs to be considered, specifically in statistical
analysis. Constructed electrical image maps can be used to locate the
cracked and damaged area, even if it is beneath the surface.
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Abstract 
Shrinkage reducing admixtures (SRAs) have been used over the last three decades to reduce 
the volume change (i.e., shrinkage) that occurs in cement paste, mortar, and concrete during 
drying.  The goal of reducing shrinkage is to reduce the risk of shrinkage cracking in concrete 
elements.  SRAs alter the properties of the pore solution, such as surface tension and 
viscosity, which result in a reduction in the magnitude of drying shrinkage, especially at 
humidities below 80-85%.  In addition to altering the magnitude of shrinkage, SRAs appear to 
alter the rate of drying and diffusivity coefficient.  This paper examines the role of SRAs in 
two ways.  First, desorption spectra are measured to obtain the moisture diffusivity of plain 
mortar and mortar containing SRA. Second, the paper measures relative humidity in slabs to 
obtain moisture profiles.  The relative humidity profile predicted from the non-linear diffusion 
coefficient is compared with the measured humidity profile.   
 
 
1. Background 
 
Shrinkage Reducing Admixtures (SRAs) were introduced to the concrete industry in the 
1980’s [1, 2].  Recent reviews have summarized three decades of research on SRA on 
concrete properties [3-6].  SRA’s are generally observed to reduce shrinkage which can 
substantially reduce the propensity for restrained shrinkage cracking. 
 
The majority of shrinkage measurements on concrete containing SRA are performed on 
concrete samples with a relatively large cross section, like those that one may use in standard 
shrinkage tests like ASTM C-157 [7].  While this type of test can provide information on the 
benefits of SRA, it has two primary limitations.  First, it generally only describes the 
shrinkage of the concrete at one relative humidity (50% for example for ASTM C-157 [7]).  
Second, it measures the average length change of the prism and does not explicitly account 
for moisture gradients. 
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To overcome the limitation of measuring shrinkage at one relative humidity, a series of tests 
were performed measuring small paste and mortar samples with and without SRA at different 
relative humidities [8].  This response can be used to describe the shrinkage that may be 
expected over a wide range of relative humidities [9-11]. This does however indicate, not 
surprisingly, that shrinkage is not linearly related to relative humidity [8].  The shrinkage of 
the paste can be extended to mortar or concrete using the Pickett [12] or Hobbs [13] 
approaches.   
 
Previous work has been performed to measure relative humidity profiles in concrete.  This 
includes the work of Monfore [14] and Grasley et al. [15] who used resistance based gages to 
measure humidity in vapor filled cavities in concrete, the work of Molina [16] who measured 
relative humidity using chilled mirror technology, and work of Schieβl et al. [17] using 
electrical resistance measurements of concrete to assess the moisture distribution. 
 
Relative humidity measurements in slabs can be complicated by the size of the probe that is 
used to measure the humidity.  Measurements in small cavities with limited vapor volume can 
make it difficult to use techniques that require a substantial air flow rate like chilled mirrors.  
Previous measures of electrical resistance of concrete require two assumptions.  First, that 
there are no hysteretic effects [18, 19] and second, that the resistance is measured at the depth 
of the electrodes.  It can be noted that the first assumption is required since electrical 
measurements measure water content and not relative humidity directly and hysteretic effects 
due to drying and wetting can complicate the interpretation [19].  The second assumption is 
more nebulous as the shape of the electrical field that develops between the two electrodes is 
not symmetric at the plane of the electrodes since more charge will pass through the side 
containing more liquid [19].  As such it may be beneficial to measure the moisture diffusion 
coefficient directly rather than measuring relative humidity profiles and back calculating the 
diffusion coefficient. 
 
One advantage of using desorption measurements to obtain a non-linear diffusion coefficient 
is the fact that the testing can be performed over a much shorter duration than drying of thick 
concrete slabs.  For example, the non-linear diffusion coefficient measured in this paper took 
approximately 5 days to measure after casting and curing which is substantially shorter than 
allowing a concrete slab to dry and back-fitting the diffusion coefficient (which can take 
many many months).  Second, this approach is not subjected so some of the issues that arise 
in attempting to ascertain the correct depth of the relative humidity measurement or the 
influence of a relatively large size cavity on the measured value. 
 
 
2. Research Objective 
 
This paper describes research that is attempting to measure a non-linear moisture diffusion 
coefficient in a mortar.  Mortar was preferred to cement paste to minimize the potential 
impact of different pore size distributions that may occur between pastes and mortars.  In 
addition the mortar was preferred to minimize potential issues that may occur with 
inconsistent mixing action that can be encountered in paste samples.  This paper has three 
main objectives: 
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• First, the paper describes tests on mortar that is dried in a controlled fashion to 
evaluate the non-linear diffusion coefficient following the approach used by 
Anderberg and Wadso [20] and Garbalinska [21], 

• Second, the paper provides data that illustrates the influence of shrinkage reducing 
admixture on the non-linear diffusion coefficient, and  

• Third, the paper will provide a comparison of the relative humidity profile predicted 
using the non-linear diffusion coefficient with a measured relative humidity  profile in 
a slab. 

 
 

3. Relative Humidity Gradient and Cracking Potential 
 
Previous work [9, 10, 22-24] has suggested that the humidity gradient in a slab can be used to 
predict the free shrinkage, stress development, slab cracking, and curling in a thick concrete 
element.  The background for this type of approach can be found in [10, 25]. Figure 1 
schematically illustrates the approach can be taken to utilize the relative humidity profile to 
compute the stress distribution and gradient. Strong dependence of diffusion coefficient on the 
shape and magnitude of the relative humidity profile can result in higher stress gradient and 
increase in cracking potential. 
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Figure 1: Schematically illustrates the approach can be taken to utilize the relative humidity 
and moisture content (W) profile to compute the stress distribution [10]. 
 
 
4. Materials and Methods 
 
Three mortar mixtures were prepared for this study.   The plain mortar had a water to cement 
ratio (w/c) of 0.50 and consisted of 55% aggregate by volume.  The mortars containing 
shrinkage reducing admixture (SRA) had 1% and 5% of the mix water replaced with a SRA 
(denoted as 1% SRA and 5% SRA respectively).  ASTM C150 [7] Type I ordinary portland 
cement (OPC) was used with a Blaine fineness of 370 m2/kg and an estimated Bogue phase 
composition of 56 % C3S, 16 % C2S, 12 % C3A, 7 % C4AF and a Na2O equivalent of 0.68 % 
by mass.  The normal weight aggregate (NWA) was natural river sand with a fineness 
modulus of 2.71, an apparent specific gravity of 2.58, and an absorption of 1.8 % by mass.  



International RILEM Conference on Use of Superabsorbent Polymers and Other New Additives in Concrete 
15-18 August 2010, Technical University of Denmark, Lyngby, Denmark 

 

The SRA was commercially available Tetragaurd AS20.  All of the NWA was oven-dried and 
air-cooled for 24 hr before mixing. The mixing procedure used for the mortar was in 
accordance with ASTM C192-06 [7].  The samples were all tested in a sealed condition unless 
otherwise noted. 
 
The experiments that were performed consist primarily of two specimen geometries.  The first 
sample geometry was used for the diffusivity tests.  This sample consisted of a 0.8 mm thick 
by 6 mm diameter mortar disk that was taken from a larger cylinder that was sealed from the 
time of casting before being exposed to progressive drying at an age of 7 days for 
determination of the moisture diffusivity. The second sample geometry consisted of slab 
specimens (177.8 mm x 254.0 mm x 508.0 mm) with relative humidity sensors embedded at 
four depths (12.7, 25.4, 38.1 and 92 mm) measured from the drying surface.  The slabs were 
exposed to drying at 50 ± 1% at an age of 7 days.  The slab geometry is shown in Figure 2. 
 

 
Figure 2: Slab geometry with one-sided drying 

 
5. Measurements of a Non-Linear Diffusion Coefficient 
 
The samples used for determining the diffusion coefficient were cut from a small cylinder of 
mortar using a high precision wet saw.  The test started approximately 5 minutes after cutting 
the sample. The samples were kept in water. At the start of the test the sample was removed 
from the water and was placed in a clean towel for a few seconds to remove the surface water. 
The sample was then placed in the desorption analyzer. The diffusivity test was performed in 
an automated absorption/desorption analyzer [26, 27] at 23oC in which samples were 
subjected to isothermal desorption at different relative humidities. The first step in the 
isothermal desorption was isothermal conditioning at 97.5 % relative humidity. The samples 
were allowed to equilibrate to 97.5%. After isothermal conditioning at 97.5% the relative 
humidity was decreased in 5% relative humidity increments. Samples at each step of the 
desorption were considered to be at equilibrium when the mass change was smaller than 0.001 
mg for 15 minutes [26].  
 
For a slab geometry with double-sided drying (where the contribution of mass transfer from 
the edges of the sample is  negligible compared to mass transfer from the surface of the slab 
[20, 21, 28]) the mass change due to drying (Mt), at any time (t), can be related to the 
moisture diffusivity, (D), using Equation 1 [20, 21, 28] 
 

Sealed surfaces 

Drying surface 
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where M∞ is the mass change at equilibrium and L is the thickness of the sample.  
 
The diffusivity over each relative humidity step can be obtained from the linear portion of a 
plot of ( )2/ ∞MM t  against ( )22/16 Lt π .  Generally the mortar samples tested exhibited the 
linear portion of their curve between 20 and 80% of the equilibrium mass.  For materials for 
which the diffusivity is a function of relative humidity, Equation 1 can be used provided that 
the diffusivity can be assumed constant during each isothermal desorption step.  In the present 
work since the samples were subjected to 5% change of relative humidity, the diffusivity can 
be assumed constant during each step of desorption. Better results can be obtained by 
decreasing the size of the steps, however the duration of the testing would increase but a 
sensitivity analysis would need to be determined. 
 
Figure 3 illustrates the calculated diffusivity of the 0.8 mm thick specimens (exposed to 2 
sided drying) of plain mortar, and mortar samples with 1 and 5% SRA.  Note that the 
diffusivity at each step is expressed as diffusivity at average relative humidity of that step 
(e.g., the diffusivity of the samples that is equilibrated at 97.5% relative humidity and exposed 
to 92.5% relative humidity is reported as diffusivity at 95%).  The samples with SRA 
demonstrate a lower diffusivity than the plain system at higher relative humidity. This lower 
relative humidity in the SRA system corresponds with a reduced rate of drying (at high 
relative humidity).  This would suggest that plain mortar has a more non-linear moisture 
diffusivity while samples with SRA are more linear with respect to the diffusivity over a large 
range of moisture contents.  This can have substantial implications on the moisture profile, 
shrinkage profile, reduction in curling, drying rate, and microcracking at the surface of the 
slab [29]. 
 
 
6.  Relative Humidity Measurements in Slabs 
 
The internal relative humidity and temperature of the slab was measured at four depths (12.7, 
25.4, 38.1 and 92 mm) in a series of 250 mm hollow shafts (parallel to the surface)  that 
contain I-button sensors [30] that measure temperature and relative humidity. The depth of the 
hollow shaft reported is measured from the exposed surface of the slab to the center of the 
shaft. Slabs were exposed to drying from the top surface. 
 
The I-button data loggers measure the relative humidity with +1.0% and temperature +0.1oC 
accuracy respectively. The advantage of this type of relative humidity sensor is the fact that it 
measures the relative humidity of the air inside the hollow shaft directly which is in 
equilibrium with surrounding materials.  To ensure accuracy of the measurements all the 
sensors were compared to two salt solutions with 87 and 78% relative humidities. The sensors 
were within +1.0% of the expected relative humidity. In addition to calibration, data were 
corrected for saturation drift [30].  
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Figure 3: Moisture diffusivity of mortar samples with different loadings of shrinkage reducing 
admixture (SRA) 
 
At the time of casting the slabs, cylindrical samples (with 2.54 cm diameter and 5.1 cm 
height) were cast from the same materials used to make the slabs and was kept sealed. These 
samples were used to measure the internal relative humidity at 7, 28 and 63 days (two samples 
at each age). The measurements were performed by crushing the samples and placing them in 
an air-tight container against a temperature and relative humidity sensor [26]. These 
measurements were performed to account for the self-desiccation effect which is needed in 
Equation 2. 
 
Figure 4 illustrates the relative humidity of the slabs that have been exposed to drying at an 
age of 7 days (results are based on the average independent measurement in two slabs). It can 
be noticed that the relative humidity appears to remain higher in the samples containing SRA. 
The depth of the sensors is the distance to the center of the hollow shaft (in which sensor in 
placed in) from the surface of the slab. It is expected that the measured relative humidity with 
sensor may be more representative of the top of the hollow shaft.   
 
 
7.  Comparing Slab Measurements with Predictions Using the Diffusion Coefficient 
 
Equation 2 describes the relative humidity as a function of time and position [31-35] 
 

( )
t

HHgradDdiv
t

H s
H ∂

∂
−=

∂
∂                                                                                               (2) 

 
where H is the relative humidity, DH is the moisture diffusivity as a function of relative 
humidity and Hs is the variation of relative humidity due to self-desiccation.  
 
Equation 2 assumes that the contribution of thermal gradients and aging are negligible [33]. 
The second term on the right-hand-side of Equation 2 is the contribution of self-desiccation 
[33]. The self-desiccation term in the present work is measured independently from crushed 
samples as described above. The boundary conditions at the sealed (bottom) surface of the 
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slab and top (exposed to drying) surface of the slab can be expressed by 0/ =∂∂ xH  and 
50.0=H   respectively. The initial condition of the slab at drying (i.e., humidity at 7 days) is 

obtained by measuring the internal relative humidity of the crushed samples. 
 

 
Figure 4: Change of internal relative humidity of slabs at different depth measured from 
exposed surface of the slab, (a) plain mortar, (b) mortar containing 5% shrinkage reducing 
admixture (SRA) 
 
A non-linear finite difference scheme [33, 36, 37] was used. To effectively capture the non-
linearity caused by the diffusivity, Crank-Nicolson (central difference) scheme was used. 
Crank-Nicolson scheme is stable [33, 36, 37] and effective in capturing non-linearities caused 
by strong dependence of diffusivity on relative humidity. In using this scheme any oscillations 
around the exact solution can be avoided by decreasing the time increments. In each time step 
the first solution was obtained by time lagging the diffusivity one time step and then 
improving the solution by subsequent iterations. In subsequent iterations, a weighted average 
diffusivity of the last two iterations was used. This method of averaging is known as modified 
Picard iterations [38] and requires less number of iterations in each time step.  
 
Figure 5 illustrates the comparison of the experimentally obtained relative humidity at 
different locations and the numerically obtained profiles using the non-linear diffusivity 
coefficients.  
 
 
8. Implications of Differences in Relative Humidity Profiles 
 
Results of the non-linear diffusion coefficient can be used to describe moisture distribution at 
early ages and its potential impact on microcracking, curling and through cracking.  The 
SRA’s, especially at 5% show a reduced rate of drying.  This is confirmed with less mass loss.   
This work may also provide insight on microcracking and damage localization that ultimately 
leads to through cracking in restrained elements.  Acoustic emission has shown that the 
inclusion of SRA substantially reduces the acoustic activity due to microcracking in the 
specimens that contain 5% SRA as compared with the plain mixture. 
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Figure 5:  Comparison of the experimentally measured relative humidity and numerically 
obtained relative humidity profile, (a) illustration of location of the sensors and boundary 
conditions of the slab, (b) plain mortar, (c) mortar with 5% shrinkage reducing admixture  
(SRA) 
 
 
9. Conclusions 
 
This paper examined the role of SRAs on the relative humidity profile that develops in a 
drying mortar.  The paper begins by describing the measurement of desorption spectra to 
obtain the moisture diffusivity of plain mortar and mortar containing SRA.  The paper uses 
these non-linear diffusion coefficients to predict the moisture profiles that would be expected 
to occur in drying slabs.  The results indicate that SRA dries more slowly at high relative 
humidities (liquid diffusion) however this trend may be reduced for lower relative humidities 
when the vapor diffusion prevails.  The relative humidity profiles computed using the non-
linear diffusion coefficient were directly compared with independently measured relative 
humidity in slabs.  A reasonable comparison was observed given the issues associated with 
errors in relative humidity depth location and the shortcomings of using a non-aging 
coefficient.  The implications of this approach could be more rapid indications of relative 
humidity profiles in concrete as well as explanations of shrinkage, stress and cracking 
distributions throughout the sample cross section.  
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The inf luence of temperature on 
electrical conductivity measurements 

and maturity predictions in 
cementitious materials during 

hydration  

 Gaurav Sant, Farshad Rajabipour and Jason Weiss 

Electrical property measurements are being increasingly 
used to assess the transport properties of building 
materials. While conductivity measurements have 
been extensively used, the combined dependence of 
electrical conductivity on measurement temperature 
and microstructural development (cement hydration) 
is often overlooked. In this paper the influence 
of temperature and microstructural development  
(i.e. hydration) are separated. Two cement paste 
mixtures are assessed at 283K, 296K, and 309K, and 
the conductivity response is analysed to differentiate 
the contribution of maturity (pore structure refinement 
due to hydration) and temperature (due to changing 
ionic mobility). The conductivity measurements are 
used to determine the activation energy of electrical 
conduction (i.e. temperature dependence of ion mobility) 
and hydration (i.e. temperature dependence of reaction 
rates). This work provides an improved understanding of 
how temperature influences electrical measurements in 
cementitious systems at early ages, and can provide for 
an accurate interpretation of the electrical properties of 
the system. This information will enable improvements 
in the use of electrical measurements for quality control 
and quality assurance (QC/QA) testing. 

Keywords: Electrical conductivity, hydration, maturity, 
temperature, quality control.

Electrical measurements are powerful non-destructive 
testing techniques that are capable of providing 
information about hydration reactions, microstructural 
features and the transport properties of cement 
based materials. However, electrical measurements 
(e.g., conductivity or resistivity) exhibit temperature 
dependence due to changing ionic mobility with 
temperature. In an electrolyte, electrical conduction 
occurs due to the migration of ions through the solution 
under an applied potential gradient1. Consequently, 
conduction in aqueous electrolytes is dependent on ionic 
mobility and the solution’s concentration. In cementitious 
materials, temperature change influences ionic mobility 
and salt solubility resulting in a change in the electrical 
conduction response as a function of temperature2. 
These considerations highlight the need to account for 
the temperature dependent conductivity response of 
cementitious materials. Further, chemical reactions (such 
as cement hydration) are influenced by temperature3. 
This topic has received significant treatment in the 
literature with the objective of determining how 
temperature influences the rate of material property 
development4,5,6,7. Maturity transformations have been 
extensively used to correlate material properties to the 
extent of reaction that occurs in the system8,9.  

Due to the influence of temperature on the rate of 
hydration and ionic mobility it would be reasonable to 
consider that the electrical properties (conductivity or 
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resistivity) of cement systems are a function of maturity 
and temperature effects as shown in Equation 1. 

s(t,T) = f(M)● f(T) ......(1) 

where, σ(t,T) is the time and temperature dependent 
electrical property (in this case the conductivity (S/m)) of 
the sample, f(M) is a function which defines the influence 
of time and temperature on the sample maturity 
(microstructure development), and f(T) is a function 
that defines the influence of sample temperature and 
accounts for effects such as the ionic mobility and 
solution concentration.  

The temperature dependence of electrical properties in 
cement based systems was studied several decades ago 
by Hammond and Robson who used the Hinrichson-
Rasch law to describe the conductivity of concrete over 
a range of temperatures (Equation 2).10,11

 …...(2)

where, σ(T) is the concrete conductivity (S/m) at 
temperature T (K), σ(TREF) is the conductivity (S/m) at 
a reference temperature TREF (296K for this work) and 
‘A’ is an empirical constant (K). Hammond and Robson 
indicated ‘A’ to be equal to 5500K based on work by 
Spencer10,12. Later, Elkey and Sellevold extended the 
scope of this investigation and determined ‘A’ to vary 
between 2000 and 5000K depending on the mixture 
composition13.

Whittington et al. used a similar approach to investigate 
concrete using electrical resistivity14. Using a slightly 
different form of relationship (Equation 3) described 
by Hammond and Robson they determined concrete to 
have a negative temperature coefficient of resistivity, 
equal to 0.022/°C.  

 ...…(3)

where, ρ(T) = 1/σ(T) is the resistivity (ohms.m) at 
temperature T (K), ρ(TREF) is the resistivity (ohms.m) at 
a reference temperature TREF (K) and α is temperature 
coefficient of resistivity of the material. The work of 
Whittington et al translates to an empirical constant ‘A’ 
of 2130 K for the concretes tested.  

In the 1990s, McCarter determined the temperature 
coefficient of resistivity of concrete as 0.026/°C.15 More 
recently, McCarter proposed a formulation to determine 
the activation energy of electrical conduction based on 
the Arrhenius Law (Equation 4)16,17.

 ……(4)

where, σBulk is the bulk sample conductivity (S/m) at 
an absolute temperature T (K), R is the universal gas 
constant (8.314 J/K mol), EaC is the activation energy for 
the conduction process (J/mol) and A (S/m) is a material 
constant (theoretically equivalent to the conductivity at 
infinite temperature; σ(T = ∞)). The activation energies 
of electrical conduction were determined to be in the 
range of 16-30 KJ/mole for the mixtures evaluated in 
this project.  

research objective 
This paper proposes an approach to simultaneously 
assess the influence of temperature and microstructural 
changes (i.e. maturity) on the measured electrical 
conductivity in cementitious systems. The results of 
this work are aimed at understanding the influence of 
temperature on early-age conductivity measurements. 
This understanding would permit the reliable use of 
electrical measurements in early-age quality control and 
quality assurance (QC/QA) testing and for specification 
compliance of cement-based materials. 

Materials and mixing procedures
Two different cement paste mixtures were prepared 
according to the mixture proportions shown in Table 1. 
Type I ordinary portland cement was used with a Blaine 
fineness of 360 m2/kg and a Bogue phase composition 
of 60% C3S, 12% C2S, 12% C3A, 7% C4AF and a Na2O 
equivalent of 0.72%.  To enhance the workability of the 
mixtures, a high range water reducing admixture was 
added. A commercially available shrinkage reducing 
admixture (SRA) was added at a 5% concentration 
of the initial water content by replacement (by mass) 
of the initial mixing water. For the measurement of 
electrical conductivity de-aired, neat cement pastes 
were prepared using de-ionised water. The water was 
de-aired by boiling then cooled to room temperature 
before mixing. The dry constituent materials were 
placed inside a special mixing chamber18. The chamber 
was then sealed, air was evacuated from the chamber 
using a vacuum pump, and the solution of water and the 
chemical admixtures was introduced into the chamber 
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under the same evacuated condition. The chamber was 
then placed in a commercial paint shaker and shaken 
for five minutes to uniformly mix the constituents and 
obtain a consistent cement paste mixture.  After mixing, 
the chamber was opened and the cement paste slurry 
was placed in the moulds using external vibration. 

Table 1. Mixture proportions (mass) 
  W/C = 0.30 W/C = 0.30 + 5% SRA

Water 0.300 0.285 

Cement 1.000 1.000 

HRWRA  0.005 0.005 

SRA  ~ 0.015 

experimental procedures 
electrical conductivity of fresh and mature 
cement pastes 
The electrical conductivity of cement paste samples was 
measured using cylindrical paste specimens (22 mm 
diameter, 50 mm height). The specimens were cast and 
stored in an airtight plastic vial. Two stainless steel 

electrodes (2.5 mm diameter rods spaced 10 mm centre 
to centre) were embedded longitudinally inside each 
vial (Figure 1b). A impedance gain-phase analyser 
measured the impedance response of each specimen. The 
measurements were made over a wide frequency range; 
i.e. 10 MHz to 1 Hz (10 steps/frequency decade) using a 
100 mV AC stimulus. The bulk resistance (Rb) obtained 
from the impedance response was used to determine the 
material’s conductivity after normalising for the effects 
of specimen and electrode geometry (Equation 5). 

 ......(5)    

where, σt is the paste conductivity (S/m), Rb is the bulk 
resistance (ohms; Ω) and k is a geometry factor (15.76/
m) that was determined experimentally for this specific 
geometry19. During measurements, the specimens 
remained sealed inside plastic vials. Electrical impedance 
measurements were performed for a duration of 7 days 
(at a reference temperature of 296K) after casting on 
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specimens which were kept in a water bath to minimise 
temperature variations (Figure 1a). Measurements were 
performed on samples cured at 283K (14 days), 296K 
(7 days) and 309K (4 days). Prior to mixing, the raw 
materials were temperature conditioned to ensure an 
appropriate mixture temperature (equivalent to the 
measuring temperature) at the end of the mixing cycle. 
For consistency, conductivity measurements until an age 
of 168 hours (real and equivalent age) are presented in 
this paper. The measurements were used to determine 
the activation energy of cement hydration, after a 
correction to account for the influence of temperature 
(ionic mobility) on electrical conductivity. 

To determine the influence of temperature on the 
conductivity of the pore solution (i.e. activation 
energy of electrical conduction; EaC (J/mol)) in cement 
pastes, conductivity measurements were performed 
on cement paste samples (cured for 7 days at 296K; 
~70% hydration – which corresponds to the maximum 
degree of hydration for the mixture as computed using 
Powers model20 that were conditioned to 283K, 296K and  
309K (± 0.5K) in an environmental chamber. Further, 
companion specimens were cast with thermocouples 
embedded to monitor the temperature profile of the 
cement paste mixtures. 

electrical conductivity of synthetic pore 
solutions
To determine the activation energy of electrical 
conduction in an electrolyte, synthetic pore solutions 

of varying concentrations were prepared (0.35 KOH 
+ 0.05 NaOH, 0.70 KOH + 0.10 NaOH, 1.40 KOH +  
0.20 NaOH). The solutions were then conditioned to 283K, 
296K and 309K (± 0.5K) in an environmental chamber. 
When the solutions had achieved an equilibrium 
temperature (measured using thermocouples immersed 
in the solution), the conductivity of the solutions was 
measured using a conductivity cell (Figure 1b) connected 
to a impedance gain-phase analyser20.   

experimental results 
Influence of the rate of reaction on the 
electrical conductivity 
Figure 2 shows the electrical conductivity of cement 
paste mixtures cured at temperatures of 283K, 296K 
and 309K. An initial increase in the conductivity is 
noted for ~1.5 hours for all the cement paste mixtures. 
This may be explained by the rapid initial dissolution 
of alkalis and sulphates into the mixing water. After 
this time (1.5 hours), a reduction in conductivity is 
noted for all mixtures. A significantly different trend is 
observed in the rate of measured conductivity (Figure 2) 
for specimens cured at different temperatures. The 
samples cured at low temperatures show a gradual 
decrease in the conductivity, while mixtures cured at 
higher temperatures exhibit a more rapid decrease. 
This observation may be explained by the temperature 
dependence of the rate of hydration in these cement 
paste mixtures (i.e. the rate of pore structure refinement 
as a function of the reaction temperature).  
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Influence of temperature on the electrical 
conductivity of cement pastes 
Figure 3 shows the measured electrical conductivity of 
two cement paste specimens (cured for 7 days), which 
have been subjected to thermal cycles. After being 
cured for 7 days at 296K, the samples were placed 
at temperatures of 283K and 309K (alternate heating 
and cooling was performed for 12 hours to ensure 
equivalent maturity). The results are shown in Figure 
3(b). As expected, the measured conductivity is lower at 
lower temperatures. The lower conductivity of the SRA 
mixture as compared to the plain mixture is attributed 
to the non-conductive nature of the SRA in cement 
paste and pore solution20,21. The measured value of 
conductivity was then used to determine the activation 
energy of the conduction process in cement pastes. This 
is further discussed later. 

Influence of temperature on the electrical 
conductivity of pore solution 
Figure 4 shows the measured electrical conductivity 
of synthetic pore solutions (0.35 KOH + 0.05 NaOH,  
0.70 KOH + 0.10 NaOH, 1.40 KOH + 0.20 NaOH) 
conditioned to temperatures of 283K, 296K and 309K. 
The electrical conductivity is observed to increase 
linearly over the temperature range from 283K to 309K. 
This is consistent with the increase in ionic mobility and 
the extent of dissociation of the dissolved ionic species 
as a function of temperature. The measured value of 
conductivity was then used to determine the activation 

energy of the conduction process in the electrolytes. This 
is further discussed later. 

discussion of experimental results 
The electrical conductivity of cementitious materials has 
been described extensively using a modified parallel 



The IndIan ConCreTe Journal  APRIL 2008�

law22,23,24. This relationship can be described using 
Equation 6.

st= s0 f b ......(6)

where, σt is the bulk cement paste conductivity (S/m), σ0 
is the pore solution conductivity (S/m), φ is the volume 
fraction of the solution contained in the pores and β is 
the pore connectivity. The modified parallel law can be 
used to determine which parameters are impacted by 
a change in temperature. The first component which 
would contribute to the bulk conductivity would be 
the pore solution conductivity. Considering hydrated 
products and cement particles to be non-conductive 
(their conductivity is several orders of magnitude lower 
than the ionic pore solution), electrical conduction 
in cementitious materials can be modelled to occur 
primararily through the ionic pore fluid (in the gel and 
capillary porosity)20,23. This is significant, as temperature 
influences chemical equilibrium states; impacting ionic 
mobility (primary effect) and solubility (secondary 
effect)25,26. Ionic mobility (or equivalent conductivity) 
is noted to increase with increasing temperature due 
to the decreasing viscosity of the fluid (water), and an 
increase in the extent of dissociation of the dissolved 
ionic species, which increases the conductivity of the 

system1. An inverse effect (decreasing conductivity) 
would be noted with decreasing temperature. 

The second component which contributes to the overall 
conductivity would be the pore fluid volume. For a 
sealed system, at a given degree of hydration ignoring 
changes in fluid volume due to changes in density with 
temperature, the pore fluid volume would be fixed; as 
solution is not removed from or added to the system. 
This should however be distinguished from a change in 
the pore fluid volume due to the consumption of water 
during hydration.  

The third component is the pore fluid connectivity 
(equivalent to the inverse tortuosity), which decreases 
due to pore structure refinement with increasing maturity; 
a function of time and the reaction temperature.  

activation energy of electrical conduction in 
cement paste and pore solution 
Cement paste specimens subjected to thermal cycling 
were used to determine the influence of temperature 
on the cement paste conductivity, Figure 3. The results 
were used to determine the activation energy of electrical 
conduction (EaC) in cement pastes, Figure 5. The 
activation energy of conduction was determined to be 
25.6 kJ/mol for the plain mixture and 27.6 kJ/mol for the 
SRA mixture. A higher activation energy of conduction 
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in mixtures containing a SRA may be explained by the 
non-conductive nature of the SRA which impedes ion 
migration in the system. Further, the SRA may bind ions 
reducing electrical conduction in the system21. 

To fully understand the influence of temperature 
on the conductivity of an aqueous electrolyte a brief 
background on electrolytic conductivity is needed. 
The conductivity of an aqueous electrolyte can be 
expressed using Equation 7 where, z is the species 
valence (unitless), c is the molar concentration of the 
electrolyte (mol/L) and λ is the equivalent conductivity 
(cm2 S/mole) of each species at infinite dilution (which 
is a function of temperature) and is proportional to the 
ionic mobility26. At low concentrations (< 0.01 mol/l), 
that is, in dilute solutions the equivalent conductivity 
is a constant for a specific species. However, at high 
concentrations the equivalent conductivity is observed 
to decrease inversely (but non-linearly), due to ion-ion 
interactions in the solution19,27. 

 ......(7) 

Conductivity measurements were performed on synthetic 
pore solutions subjected to thermal cycling. The solutions 
were selected to correspond to the concentration of the 
pore fluid of an early-age cement paste (~ 2 hours), a 

later age cement paste (48 hours), and a pore fluid with 
a very high molar (ionic) strength. The results of these 
tests were used to determine the activation energy of 
the conduction process (EaC) (Figure 6; 13.55 kJ/mole, 
9.65 kJ/mole and 8.98 kJ/mole, respectively, in order of 
increasing solution concentration) in the ionic solutions. 
It is noticed that the activation energy decreases with 
increasing concentration, indicating concentrated 
solutions are less sensitive to temperature change as 
compared to dilute solutions. This observation can be 
explained by the large degree of inter-ionic interactions 
in concentrated solutions, which significantly alter the 
conductivity behaviour27. 

Temperature correction for electrical 
conductivity 
The activation energy of conduction in an electrolyte 
can be used to correct the influence of temperature, by 
transforming the conductivity at any temperature (in this 
case 283K or 309K) to a reference temperature (in this 
case 296K) using the expression shown in Equation 8.  

 ......(8) 

where, σ(T) is the sample conductivity (S/m) at any 
temperature T (K), σ(TREF) is the conductivity (S/m) at a 
reference temperature, TREF (296K), EaC is the activation 
energy of electrical conduction in an electrolyte (or 
cement paste) (J/mole) and R is the universal gas 
constant (J/K.mole). The temperature correction is 
performed using the activation energy of conduction 
of the pore solution, having the lowest concentration 
(conductivity). This solution was selected as it is noted to 
correspond to the pore solution chemistry (conductivity) 
of a 2 hour old cement paste (0.35 KOH + 0.05 NaOH), 
which contains a large fluid volume; whose electrical 
conductivity behaviour is most sensitive to changes in 
temperature (Figure 6 – highest EaC).   

determination of the activation energy of the 
hydration reaction 
Electrical conductivity can be corrected to account for 
the influence of temperature on the rate of hydration 
and, consequently microstructural development 
(pore structure refinement). This component may be 
accounted for using a temperature transformation such 
as an equivalent age (i.e. maturity) function proposed 
by Hansen and Pedersen28; Equation 9. In this paper, 
the equivalent age function (Equation 9) is used to 
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determine the activation energy of cement hydration 
(EaR), after normalising conductivity at any temperature 
to a reference temperature T(K); using Equation 8. 

 ......(9) 

where, M (hours) is the maturity (or equivalent age) 
of the specimen at a reference temperature TREF (K), 
EaR (KJ/mol) is the apparent activation energy of the 
hydration reaction, R (J/(mol· K)) is the gas constant 
(8.314 J/mol-K), T (K) is the average temperature of 
the concrete, and dt (hours) is the time interval28. The 
apparent activation energy determined from 10% to 35% 
hydration; (39.50 kJ/mol) is similar to values determined 
by other methods (e.g. chemical shrinkage) for the 
cement systems investigated20.  

Correction for the influence of temperature on 
hydration and electrical conductivity  
As illustrated in Equation 1, the conductivity behaviour 
of a cementitious material can be expressed as a function 
of maturity and the measurement temperature. This 
section will describe a procedure which can be used to 
simultaneously account for the influence of temperature 
on cement hydration and electrical conductivity. 
Due to space considerations, this paper will describe 

the procedure only for the plain cement mixture  
(W/C = 0.30).  

A function can be fit to describe the experimental 
conductivity measurement (W/C = 0.30) at the reference 
temperature (in this case 296K). This function is shown 
in Equation 10 (R2 = 0.9996).

 ......(10) 

where, σ(t,296K) is the measured conductivity at time 
t (hours) at a measurement temperature of 296K (the 
reference temperature). The type of fit used to describe 
the conductivity response is not important. To extend 
the applicability of this function to describe the electrical 
conductivity behaviour at any temperature requires the 
incorporation of a reaction rate constant kR (unitless) 
which accounts for the influence of temperature on the 
rate of cement hydration and an electrical conduction 
constant kT (unitless) which accounts for the influence 
of temperature on electrical conductivity. This approach 
is described in Equations 11, 12 and 13.   
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 ......(11) 

where, 

 ......(12) 

 ......(13) 

where, kR (unitless) is the reaction rate constant which 
accounts for the influence of temperature on the rate 
of cement hydration, kT (unitless) is the electrical 
conduction constant which accounts for the influence 
of temperature on electrical conductivity and T (K) is 
the average temperature of the concrete.  

Figure 7 shows the electrical conductivity response 
of the two cement paste mixtures evaluated using 
the approach described above, to account for the 
influence of temperature on cement hydration and 
electrical conductivity; using the activation energy of 
cement hydration (EaR = 39.50 kJ/mole) and electrical 
conduction for the electrical conductivity response 
of an early pore fluid (0.35 KOH + 0.05 NaOH;  
EaC = 13.55 kJ/mole). It can be seen that (Figure 7), using 
the approach described in Equation 11, the influence of 
temperature on hydration and electrical conductivity 
can be comprehensively described for mixtures cured 
at any temperature.  

An improved approach is proposed to perform the 
temperature correction for electrical conductivity if the 
pore solution chemistry (conductivity) at early-ages 
is well known. This would involve determining the 
activation energy of electrical conduction in electrolytes 
(pore fluids) having an age-dependent concentration 
(and conductivity). This information can be used to 
perform a comprehensive temperature correction for 
electrical conductivity. An example of such an approach 
is illustrated in Figure 8 which shows the activation 
energy of electrical conduction as a function of the 
solution’s conductivity at the reference temperature 
(296K)20,29.  

Conclusions 
Measurements of electrical conductivity performed on 
paste, mortar and concrete require a two-part correction 
to accurately describe early-age behaviour. The first 
part of this approach accounts for the influence of 
temperature on cement hydration (pore refinement), and 
the second part accounts for the influence of temperature 
on electrical conductivity. This paper demonstrates the 
successful application of this correction for electrical 
conductivity measurements using the activation energy 
of electrical conduction and cement hydration.  In this 
context, the activation energy of electrical conduction 
has been determined for electrolytes of varying 
concentrations and for cement pastes. In addition, 
the activation energy of cement hydration has been 
determined to be 39.50 kJ/mol (independent of w/c) 
and is noted to be similar to values determined using 
other techniques (e.g. chemical shrinkage or heat of 
hydration). The approach demonstrated in this paper 
would be crucial for forecasting the long-term durability 
performance of field concretes, based on the early-age 
electrical properties of the material using an approach 
similar to that presented by Lane30. An approach of 
this nature would provide fundamental information 
needed for quality control and quality assurance  
(QC/QA) applications and for ensuring the specification 
compliance of field concretes. This information would 
have an immense impact in determining how field 
concrete is specified, evaluated or purchased.    
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Abstract 1 

 2 

A series of wetting and drying tests were performed on concrete using different aqueous 3 

solutions containing deicing salts. The rate of fluid absorption was generally lower for aqueous 4 

solutions containing deicing salts than it was for water.  In addition, less fluid was absorbed for 5 

samples exposed to aqueous solutions containing deicing salts than for samples exposed to water.  6 

The change in the rate of aqueous fluid absorption was proportional to the square root of the ratio 7 

of surface tension and viscosity of the absorbed fluid.  Concrete that has been exposed to 8 

solutions containing deicing salts showed less mass loss during drying.  Measures of equilibrium 9 

relative humidity over the salt solutions are used to interpret drying behavior.  Experimental data 10 

indicates that concretes that had previously been exposed to deicing solutions can also exhibit 11 

reduced rate of absorption, even if water is the fluid being absorbed.  12 

 13 

 14 

1. Research Need and Significance 15 

 16 

Some jointed plain portland cement concrete pavements in freezing prone climates have shown 17 

premature deterioration at the longitudinal and transverse joints.  While some have attributed this 18 

damage to a chemical attack, inadequate air entrainment, poor mixture design, inadequate 19 

constituent materials, or poor construction practices; it is the hypothesis of the authors of this 20 

paper that this joint deterioration may be attributed, at least in part, to preferential absorption of 21 

fluid at joints.  This hypothesis was developed based on observations from the field that show 22 

these deteriorated locations frequently occurred at low spots in the pavement, where joint sealers 23 

were damaged, where water has collected, or where the joint does not appear to have opened 24 

thereby trapping water [1].  Preferential fluid ingress at joints could increase a variety of damage 25 

mechanisms including deleterious chemical reactions, crystallization pressure, or freeze thaw 26 

damage that may degrade the concrete.  To fully evaluate fluid ingress at the joints it is essential 27 

that the wetting and drying behavior of concrete is evaluated using aqueous solutions containing 28 

deicing salts.   29 

 30 



 

1 

 

This work is limited in scope as it considers only the ingress of aqueous solutions over short time 1 

periods and does not explicitly consider any chemical reaction that occurs between the aqueous 2 

solution and the concrete.  This information is intended to provide reference for those developing 3 

tests to evaluate potential deicer-concrete interactions [2], for developing tests on fluid 4 

absorption, for evaluating fluid absorption in concrete [3], for input parameters in computer 5 

simulation of fluid ingress at joints [4], and for potential approaches to limit joint deterioration 6 

like penetrating sealers for possible use in concrete pavements [5].    7 

  8 

 9 

2. Fluid Absorption in Porous Materials 10 

 11 

Fluid absorption is a frequently used test to provide an indication of the durability of concrete 12 

systems since it is simple to perform.  Several standard tests exist for measuring water absorption 13 

including ASTM C 1585-04 [6], BS 1881-99 [7], and ASTM D6489-99 [8].  While the concept 14 

behind these tests is very similar, there are differences in how the samples are conditioned, 15 

treated, and tested.  In each of these tests water is typically used as the fluid that is being 16 

absorbed. Hall [9] discusses that water can interact with the cement matrix adding complexity to 17 

the interpretation of results.  To overcome some of these limitations or to indicate how 18 

absorption can be reduced by fluid composition other solutions have been tested [9-13].   19 

 20 

MacInnis and Nathawad [14] assessed the absorption of an aqueous solution consisting of a NaCl 21 

deicing salt and reported a decrease in absorption.  Sutter et al. [15] reported that sorptivity 22 

decreased from highest to lowest in the order of water, NaCl, CaCl2 and MgCl2.  Similar data has 23 

recently been observed by Janusz [16].  As a result, it can be observed that concrete exposed to 24 

deicing salt solutions absorb fluid at a slower rate than they would absorb water; however the 25 

previous work has not related this behavior to the fluid properties or described the influence of 26 

salt concentration or properties of the aqueous solution. 27 

 28 

The results of one-dimensional fluid absorption tests (assuming negligible gravitational effects) 29 

are typically reported as the cumulative water absorbed per surface area (surface from which 30 

water is absorbed) versus the square root of wetting time. Equation 1 is frequently used to 31 



 

2 

 

describe the water absorption (total volume of fluid absorbed) and the sorptivity (related to the 1 

rate of absorption) [17]. 2 

 3 

2/1Si   Eq. 1 

 4 

where i [mm
3
/mm

2
] is the cumulative water absorption, S [mm/s

1/2
] is the sorptivity, and  [s] is 5 

the elapsed time.  It should be noted that additional equation have been proposed to account for 6 

time dependent properties [18]. 7 

 8 

Hall [9] proposed that the diffusion would scale proportionately with the ratio of surface tension 9 

() and viscosity () of the fluid.  Hall further related this to sorptivity since sorptivity is related 10 

to the square root of diffusion.  Kelham [19] derived an expression for fluid absorption (Equation 11 

2) that shows the relationship between depth of penetration and the square root of the ratio of 12 

surface tension and viscosity.   13 

 14 

rp

k
x






)cos(4
)(   Eq. 2 

 15 

where x() [mm] is the penetration depth,  [N/mm] is the surface tension,  [rad] is the liquid-16 

solid contact angle, p  [Dimensionless] dis the porosity of the medium, r [mm] is the pore radius, 17 

k [mm
2
] is the intrinsic permeability of the material, and  [Pa.s] is the viscosity of fluid. An 18 

expression similar to equation 2 was derived by Scherer and Wheeler [20] for stone consolidates.   19 

 20 

Previous research using organic fluids has shown an absorption rate that scales proportionally 21 

with the square root of the ratio of surface tension and viscosity of the fluid (()
1/2

).  This work 22 

will use this approach to attempt to interpret results from absorption tests that used aqueous 23 

solutions containing deicing salts.  24 

 25 

 26 

3. Properties of Deicing Salt Solutions  27 

 28 



 

3 

 

Physical properties of pure solutions were gathered from literature and compared with measured 1 

values for the industrially available deicing solutions tested in this research, and they are 2 

provided here for convenience in one location.   The properties of the deicing solutions will be 3 

used in interpreting the wetting and drying results, discussed later in this paper.  This section is 4 

divided into four sections.  The first three sections describe the influence of the deicing solutions 5 

in terms of surface tension, viscosity, and equilibrium relative humidity over the aqueous 6 

solution.  The fourth section describes the specific gravity of the solution as a function of 7 

concentration as this is used to determine the volume of solution absorbed during the absorption 8 

test. 9 

 10 

 11 

3.1 Surface Tension of Deicing Salt Solutions 12 

 13 

Figure 1 (a) shows surface tension measurements at different concentrations for the three 14 

solutions used in this research: NaCl, CaCl2, MgCl2.  The surface tension for NaCl was obtained 15 

from [10], CaCl2 from [21] and MgCl2 from [22].  A Du Noüy Ring Tensiometer KRÜSS was 16 

used with a resolution of 0.1 mN/m for the industrial deicers tested in this study.  The 17 

tensiometer was cleaned between measurements following ASTM D971-04 [24].  The 18 

tensiometer was first calibrated using de-ionized water, which provided a value of 71.0 x 10
-6

 19 

N/mm. A series of three measurements were performed for each solution, with the average 20 

reported.  21 

 22 

The closed points in Figure 1 (a) are the values measured for the industrially available solutions.  23 

The lines represent values taken from literature for pure salt solutions at different mass 24 

concentrations.  While the general trends are consistent, differences between the solutions 25 

containing industrial deicing salts and literature values may be due to impurities or other additves 26 

however further work is needed to examine this in greater detail. 27 

 28 

 29 

3.2 Viscosity of Deicing Salt Solutions 30 

 31 



 

4 

 

Figure 1 (b) shows a comparison of the viscosities for the solutions used in this research between 1 

pure solutions taken from literature and measurements of the deicing solutions. Viscosity 2 

measurements for the industrial deicers were performed on the salt solutions using an Anton-Parr 3 

rheometer, model Physica MCR 301.  The rheometer kept the solution being tested at 23.0 ± 0.02 4 

ºC and from the torque applied to the fluid that causes a shear from which the viscosity can be 5 

found.  Calibration of the device was performed using a reference standard.  6 

 7 

The dashed lines presented are viscosities at different concentrations and are taken from 8 

literature [10, 21-23], while the points represent measured viscosities of the industrially available 9 

solutions. Again, differences between literature values and those of the solutions measured can 10 

be explained by differences in possible additions or chemistries of the industrial deicers. 11 

 12 

 13 

3.3 Relative Humidity of Deicing Salt Solutions 14 

 15 

Relative humidity measurements were performed on the salt solutions using Rotronic 16 

HygrClip2S sensors (± 0.8 % RH at 23 ± 0.1 °C).  The relative humidity probes were mounted in 17 

a 75 mm x 68 mm stainless steel cylinder that was placed over a water jacketed sample cup 18 

holder.  The water jacket was connected with a water bath at a constant temperature of 23.0 ± 0.1 19 

ºC.   20 

 21 

Figure 1 (c) shows the relative humidity measured over salt solutions for a wide range of solution 22 

concentrations.  As the concentration increased the relative humidity over the solution decreased.  23 

The measured relative humidities of these unsaturated salt solutions are higher than that of the 24 

saturated solution of these salts which are 75.4 % RH for NaCl [25], 33.0 % RH for MgCl2 [25] 25 

and 22 % for CaCl2 [21]. 26 

 27 

 28 

3.4 Specific Gravity of Deicing Salt Solutions 29 

 30 



 

5 

 

Figure 1 (d) shows the specific gravity of different deicing solutions as a function of 1 

concentration.  The specific gravity of the solution increases with concentration.  The CaCl2 and 2 

MgCl2 increase at very similar rates with an increase in concentration, while the NaCl increases 3 

slightly less than the CaCl2 and MgCl2 (i.e., 25 % less increase with concentration).  This may be 4 

attributed to the colligative properties of solutions. 5 

       6 

 7 

       8 

 9 

Fig .1.  Properties of Deicing Salts at 23-25 ºC: (a) Surface Tension (b) Viscosity (c) Relative 10 

Humidty (d) Specific Gravity (Rosenburgh 2010, unpublished data) 11 

 12 

 13 

4. Wetting and Drying for Concrete with Deicing Solutions 14 
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 1 

4.1 Experimental Program of Wetting and Drying of Concrete with Deicing Solutions 2 

 3 

The concrete mixture that was used for these tests was a typical INDOT class C bridge deck 4 

concrete.  The mixture proportions of this concrete are shown in Table 1. The fresh air content 5 

was 5.7 %, which was measured according to ASTM C231-09 [26]. The hardened air content of 6 

the concrete was 4.4 % as assessed using an automated optical scanning approach [18] based on 7 

the method proposed by Peterson et al. [28]. 8 

 9 

Table 1.  Mixture Proportions of Concrete Assuming Saturated Surface Dry (SSD) Conditions  10 

 11 

Material Mass 

Cement (kg/m
3
) 316 

Class C Fly Ash (kg/m
3
) 60 

Water  (kg/m
3
) 150 

Fine Aggregate  (kg/m
3
) 736 

Coarse Aggregate  (kg/m
3
) 1049 

Air Entraining Admix.  (ml/100 kg of cem. materials) 20 

High Range Water Reducer Admix.  (ml/100 kg of cem. materials) 456 

Retarder Admixture  (ml/100 kg of cem. materials) 98 

 12 

The concrete was produced in a central mix plant and discharged from a ready mix concrete 13 

truck.   A series of 100 mm × 200 mm cylinders were cast.  After one day of curing, the cylinders 14 

were demolded and sealed in double plastic bags at 23 ± 0.5 °C until the samples reached an age 15 

of 28 d. After 28 days of curing the cylinders were removed from bags and three 50 mm ± 2 mm 16 

thick samples were cut from the central portion of each cylinder using a wet saw.   17 

 18 

Two different sets of samples were used in this study.  The first set of samples were used to 19 

evaluate the effect of sample conditioning on water absorption. In each condition, three samples 20 

were used. A total of five conditions were considered: ASTM C1585-04, oven-dry, 50 % RH, 65 % 21 

RH and 80 % RH.  To ensure that these samples that were conditioned at 50 %, 65 %, and 80 % 22 

RH, reached equilibrium, a 12-month conditioning was period was considered. The second set of 23 



 

7 

 

samples that were used for aqueous salt solution absorption, drying, and de-ionized water re-1 

absorption were conditioned at 50 ± 2 % RH, 23 ± 0.5 °C for 36 months and two samples were 2 

tested for each salt solution. 3 

 4 

To prepare the specimens for fluid absorption testing, the sides of the samples were sealed with 5 

epoxy.  After the epoxy had hardened, the top surface was covered with plastic to avoid 6 

evaporation from the sample during testing. 7 

 8 

The absorption test involves recording incremental mass change measurements during the first 9 

six hours after the sample comes in contact with the fluid and subsequently taking one 10 

measurement every day for the next eight days.  The amount of absorbed fluid is normalized by 11 

the cross-section area of the specimen exposed to the fluid using Equation 3. 12 

 13 

)(a

m
   i t


  Eq. 3 

 14 

where:  i (mm
3
/mm

2
) is the normalized absorbed fluid, mt (g) is the change in specimen mass at 15 

time t; a (mm
2
) is the area of the specimen exposed to the fluid (i.e., that of the bottom face), and 16 

  (g/mm
3
) is the density of the absorbed fluid (this is provided in greater detail in 3.1). These 17 

absorption measurements are then plotted as a function of the square root of time, as provided by 18 

Equation 1.  The sorptivity is the slope of this graph.  19 

 20 

The second series of samples were tested using seven different fluids. Their composition was 21 

primarily based on one of three different industrially available deicing products, either NaCl, 22 

MgCl2 or CaCl2.  A low concentration was used for each salt solution as well as a higher 23 

concentration that was selected to be near the eutectic composition for each salt.  De-ionized 24 

water was also used as a reference fluid. 25 

 26 

 27 

4.2 Experimental Results from Wetting with Water for Different Conditioning Methods 28 

 29 



 

8 

 

Figure 2 shows the results from water absorption tests performed on the first series of samples 1 

that were conditioned with different environmental conditions as mentioned earlier (ASTM 2 

C1585-04 accelerated conditioning, 80 % RH, 65 % RH, 50 % RH and oven drying).  It should 3 

be remembered that these samples were conditioned for 12 months while the remainder of the 4 

samples discussed in this paper were conditioned at 50 % RH for a much longer time.   Sample 5 

preparation has an enormous impact on the water absorption results as more severe drying 6 

enables a greater volume of water to be absorbed during the test.   7 

 8 

 9 

 10 

Fig. 2. Water absorption on samples subjected to different conditioning procedures. 11 

 12 

 13 

4.3 Experimental Results from Wetting and Drying with Deicing Solutions 14 

 15 

Figure 3 illustrates the results of the fluid absorption test as a function of time (for concrete at 50 % 16 

RH for a longer conditioning time than the samples in Figure 2).  It can be seen that even though 17 

the concrete that is used for all the tests in Figure 3 has the same conditioning and exposure 18 

conditions, the volume of solution absorbed by each material is dependent on the deicing salt 19 

solution and the concentration of the deicing salt solution that was absorbed.  The sample with 20 

the low concentration of NaCl showed a slight increase in the rate of absorption (as compared 21 

with water) as well as the amount of fluid absorbed.  This is consistent with the data reported by 22 
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MacInnis and Nathawad [14].  The absorption of all the other fluids was reduced when compared 1 

with water.  As a result, it can be concluded that in general as the salt concentration increased the 2 

rate of absorption reduced and and the total absorption was reduced. Further work is needed to 3 

examine lower concentrations for NaCl to ascertain why a slight increase is typically reported.   4 

 5 

 6 

 7 

Fig. 3.  Volume of deicing solutions absorbed by concrete as a function of time (typical standard 8 

deviation less than 0.1 mm
3
/mm

2
). 9 

 10 

After the fluid absorption test was performed for 8 days the samples were dried at 50 ± 2 % RH, 11 

23 ± 0.5 °C for seven days.  The samples were kept in the same one-faced exposed condition for 12 

the drying test; however, the exposed surface that was facing down in the absorption testing was 13 

placed facing up to simulate drying from the top. During the drying test the mass of the samples 14 

was recorded at regular intervals. 15 

 16 

Figure 4 shows the volume of water loss during the drying period.  It is important to note that the 17 

drying test will result in only the water portion of the solution being evaporated from the system 18 

leaving the salt to become more concentrated in the solution before it eventually precipitates out.  19 

It can be noticed that as the concentration of deicing solution was increased the mass loss during 20 

drying decreased. This was particularly evident in the high concentration solutions, which 21 

showed nearly no mass loss or even a slight gain during drying. 22 
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 1 

    2 

 3 

Fig. 4.  Drying of concrete prewetted with different salt solutions as a function of time (typical 4 

standard deviation less than 0.03 mm
3
 water/mm

2
). 5 

 6 

 7 

4.4 Experimental Results from Wetting Previously Exposed to Deicing Solutions 8 

 9 

The same set of samples that were previously tested for absorption and drying were oven dried to 10 

be tested for second absorption test using de-ionized water. This was done to investigate the 11 

effects of previously absorbed salts on re-absorption of de-ionized water. However, in the case of 12 

the oven-dried samples, higher water absorption is expected. This can be due to the empty 13 

capillary pores and possibly to microcracking generated during oven drying [29-33].  14 

 15 

To prepare the samples for the de-ionized water re-absorption test, the samples were placed in an 16 

oven at 105 ± 2 °C until they reached to equilibrium. The equilibrium condition was defined as a 17 

difference less than 0.5 % between two successive mass measurements (24 hours apart). It is 18 

important to note that this drying process will evaporate only the water portion of the solution 19 

pre-absorbed, leaving salt in the pores. Since these samples were oven dried, their absorption 20 

rates and absorbed water are not comparable with any previous tests. 21 

 22 
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Figure 5 shows the results for this second absorption test. It can be seen by comparing the results 1 

to the results in Figure 3 that the behavior of the samples was dependent on the deicing solutions 2 

and the concentrations of deicing solutions used in the first wetting test. These results are a clear 3 

indication that the history of the samples affects the results of fluid absorption.  This suggests 4 

when sorption testing is preformed on field concretes, some understanding of the admixtures or 5 

salts that remain in the pore system is needed to fully interpret the results. 6 

 7 

 8 

 9 

Fig 5. Volume of de-ionized water absorbed by concrete as a function of time in the second fluid 10 

absorption test (Fluid from the original test is shown in the caption). 11 

 12 

 13 

4.5 Drying of Mortars Saturated with Different Deicing Salts 14 

 15 

Moisture desorption is an established technique for evaluating the effect of moisture loss at a 16 

given humidity for a material.  A TA Q5000 SA moisture sorption analyzer was used to carefully 17 

control temperature and humidity.  Mortar samples were prepared (w/c = 0.42 and 55 % 18 

aggregate by volume) and cast in a cylindrical mold with a 34 mm diameter and 50 mm height.  19 

At an age of 28 days the specimens were demolded and 34 mm diameter 0.8 ± 0.05 mm thick 20 

slices were taken from the middle of the samples.  The samples were dried under controlled 21 

conditions (at 23 ± 0.1 °C and 50 ± 1 % RH) in a CO2 free chamber until they reach mass 22 
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equilibrium. Then, samples were submerged for a minimum of 5 days in aqueous solutions with 1 

23 % NaCl, 32 % CaCl2, and 30 % MgCl2 by mass.  2 

 3 

For the samples submerged in NaCl, CaCl2, and MgCl2 solutions a 50 mg to 70 mg piece of 4 

sample was placed in a tared quartz pan after a minimum of 5 days of submersion.  The pan 5 

containing the sample was then suspended from the balance (± 0.001 mg accuracy) and placed in 6 

the relative humidity chamber to equilibrate at 23.0 ± 0.1 °C  and 97.5 ± 0.1 % RH for up to 96 h 7 

or until the sample had achieved a stable mass (less than an 0.001 % mass change/15 minutes).  8 

Then, the relative humidity was reduced to reach 95 %. After the sample mass equilibrated, the 9 

relative humidity in the chamber was changed in 10 % RH steps to 55 % RH, allowing the 10 

sample to attempt to equilibrate (12 h or 0.01% change in mass over 15 minutes) at each new 11 

humidity. After equilibrating at 55 % RH the samples were dried to 0 % RH.  For the sample 12 

submerged in de-ionized water the procedure was similar, but the relative humidity was reduced 13 

in 5 % steps from 97.5 % to 2.5 %, and then reduced to 0 % RH. 14 

 15 

Figure 6 shows the plot of mass change as a function of time for the mortar saturated in de-16 

ionized water. The sample soaked in water can be seen to lose mass with the decrease of RH.  17 

For this system, when the environment is below 100 % RH, water will move from the pores to 18 

outside of the sample and classical drying behavior is observed.  The maximum mass of the 19 

sample is 8.5 % higher than the mass of the oven dry sample. 20 

 21 
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Fig. 6. Mass change at decreasing RH for samples containing de-ionized water  1 

 2 

Figure 7 shows a plot of mass change for the mortar samples submerged in aqueous solutions of 3 

23 % NaCl, 32 % CaCl2, and 30 % MgCl2.  It can be observed that initially upon placement in 4 

the testing chamber at 97.5 % relative humidity the mass of the sample increases for the first 96 5 

h until the relative humidity of the chamber is changed.   The samples absorb water during this 6 

time of preconditioning, with values much higher than the 8.5 % increase in mass of the sample 7 

with de-ionized water as compared with the oven dry sample.  8 

 9 

The sample loses weight as the relative humidity is decreased however it should be noted that the 10 

sample mass does not decrease to below the initial mass obtained from soaking the sample in the 11 

deicing solution until relative humidity was decreased below 85 %, 55 % and 55 % for NaCl, 12 

CaCl2 and MgCl2 respectively.  This will be compared with the equilibrium relative humidity of 13 

the salt solution later in the paper. 14 

  15 
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Fig. 7. Mass change for samples submerged in aqueous solutions containing deicing salts: (a) 1 

NaCl 23% (b) CaCl2 32 % and (c) MgCl2 30%. 2 

 3 

 4 

5. Discussion of Results 5 

 6 

5.1 Aqueous Solution Absorption Behavior as a Function of Surface Tension and Viscosity 7 

 8 

Equation 3 showed that the rate of absorption was related to the square root of surface tension 9 

and viscosity.  Figure 8 plots the square root of the ratio of surface tension and viscosity versus 10 

mass concentration of salt.  Pure salt solutions are shown as lines while industrial deicing 11 

solutions are presented as solid points, and the open points represent the measured sorption 12 

response of concrete (i.e., salt sorptivity/water sorptivity) from Figure 3. Figure 8 confirms that 13 

as the solution concentration increases, the rate of fluid absorption (i.e., sorptivity) decreases. 14 

Further, while the properties of pure solutions may not exactly represent the response of 15 

industrially available deicing solutions they do provide a comparable trend.  Reasonable 16 

agreement is seen between the measured sorption and square root of the ratio of surface tension 17 

and viscosity the measured properties.  Additional work is currently being performed to extend 18 

these results to a wide range of temperatures. 19 

 20 
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Fig 8. Relative sorptivity for deicing solutions. 1 

 2 

 3 

5.2 Drying Time Versus Wetting Time 4 

 5 

Comparing Figures 3 and 4 indicates that wetting happens much faster than drying. When de-6 

ionized water was used as the absorbed fluid, the amount of fluid that was evaporated from the 7 

sample after eight days was 0.8 mm
3
/mm

2
. In contrast, it took just two hours for samples to 8 

absorb the same amount of fluid.  These differences are even larger when salt solutions were 9 

used as the absorbed fluid. When MgCl2 solution was used as the absorbed fluid, the amount of 10 

fluid that was evaporated from the sample after eight days was 0.07 mm
3
/mm

2
, but it took just 11 

ten minutes for the samples to absorb the same amount of fluid. 12 

 13 

This is important as it suggests that field concrete may be more susceptible to increasing its level 14 

of saturation over time rather than drying out.  Further, it shows that laboratory tests that use 15 

equal times for drying and wetting increase the saturation level of the concrete over time.  16 

Researchers [34] observed an increase in sample mass during wetting and drying cycling with 17 

deicers which was attributed to microcracking; however an increase in mass would be consistent 18 

with the wetting and behavior observed in this paper.     19 

 20 

 21 

5.3 Reduced Drying with Salt Solutions – The Role of Solution Equilibrium Humidity  22 

 23 

The relative humidity of different salt solutions presented in Figure 1 (b) help to understand the 24 

results from the drying tests. The equilibrium relative humidity for the 23% NaCl, 32% CaCl2 25 

and 30% MgCl2 solutions are 80 %, 40 % and 50 % respectively.  When the samples are placed 26 

in an environment with a relative humidity that is greater than or equivalent to the approximate 27 

equilibrium relative humidity over the aqueous solution in the pores water will not be lost to then 28 

environment. (Figure 4) and the sample can actually gain mass (Figure 4 and 7), most likely due 29 

to the water absorption on the surface of the sample. This can be seen by the thinner (dashed 30 

lines in Figure 7), which show the initial mass of the sample after it has been submerged in a 31 
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aqueous solution for over 5 days. At relative humidity higher than the equilibrium of the aqueous 1 

salt solution the samples will increase in mass. At relative humidities where the environment is 2 

less than the equilibrium humidity over the salt solution, the samples will be expected to 3 

decrease in mass.  The drying behavior of systems containing concentrated aqueous solutions of 4 

deicing salts is complex and requires additional research. 5 

 6 

 7 

5.4 Effect of Solution on Rewetting 8 

 9 

When samples of concrete that were previously exposed to deicing solutions were rewet with 10 

water they had an absorption and rate of absorption that depended on the history of the 11 

specimens (Figure 5).  The absorption of water can be 30 % to 50 % less in specimens that were 12 

exposed to deicing solutions at some point in their lives.  This is an important, yet subtle, factor 13 

to understand.  This is important since absorption tests of field concrete may be mistakenly 14 

interpreted by relating the reduction in sorption to pore filling or delayed sorption.  Both of these 15 

observations (lower sorptivity and delayed sorption) are consistent with data here for samples 16 

that did not have reduced porosity or differences in sample damage. 17 

 18 

 19 

6. Summary and Conclusions 20 

 21 

This paper has reported experimental results of fluid absorption measurements and drying of 22 

concrete in the presence of deicing solutions.  The following observations can be made.  First, 23 

the absorption of fluid in concrete depends on the drying environment used to condition the 24 

samples.  Samples stored at a lower RH absorbed a greater volume of fluid.  Second, it was 25 

observed that the deicing solutions reduce the rate of fluid absorption.  This reduction can be 26 

related to the square root of the ratio of surface tension and viscosity [10].  Third, the time scale 27 

between drying and wetting is different and concrete is more likely to become preferentially 28 

increasingly wet over time.  Fourth, the drying of concrete containing aqueous solutions with 29 

deicers differs from that of water.  The equilibrium relative humidity of the aqueous solution 30 

plays an important role on limiting drying.   Finally, the presence of deicing salts in field samples 31 
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impacts the absorption when field samples are tested in the lab using water.   This suggests that 1 

care must be taken in analyzing field concrete exposed to deicing salt solutions.  2 

 3 

 4 
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Variability Analysis of the Bulk Resistivity
Measured Using Concrete Cylinders
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ABSTRACT: Many agencies are interested in using a rapid test method for measuring the electrical proper-
ties of concrete (i.e., the resistivity or conductivity) because the electrical properties can be related to fluid
transport (e.g., ion diffusion). The advantage of electrical testing is that it is relatively easy to perform, and the
test method is relatively fast (it takes less than a minute). Over the past century, many studies have investi-
gated different approaches for measuring electrical properties. This paper describes the variability associated
with measuring the bulk resistivity along the longitudinal axis of a cylinder after placing electrodes on either
end. A multi-laboratory evaluation was performed at ten laboratories. Data from this evaluation provided var-
iability data for 12 concrete mixtures at testing ages of 28, 56, and 91 days. Information on the variability is
important in the development of precision and bias statements for standard test methods. In addition, this
work discusses how the resistivity results obtained from this test can be correlated with surface resistivity
measurements made using a Wenner probe. Linear agreement was noticed between the Wenner test and the
measurement through the cylinder, but with a factor confirmed by previous research by Morris et al.
(“Practical Evaluation of Resistivity of Concrete in Test Cylinders Using a Wenner Array Probe,” Cem. Concr.
Res., Vol. 26, 1996, pp. 1779–1787). Additionally, the effect of electrode resistance is discussed, and for high
resistivity concrete such as that used in much transportation infrastructure, this effect appears to be negligible;
however, it can be accounted for easily.

KEYWORDS: concrete, resistivity, surface resistivity, bulk resistivity, RCPT, electrical properties, electrode
resistance, variability, precision statements, standard development, inter-laboratory test, round-robin test

Introduction
Over the past century, tests have been proposed for measuring the electrical properties of concrete
[1–7]. These methods have the advantage of being relatively fast, and the principle behind these
tests is relatively straightforward. Concrete is a composite consisting of a vapor phase (vapor filled
porosity or “air”), a solid phase (aggregate and cementitious solids), and a fluid phase (the pore so-
lution), and the resistivity of each of these individual phases is very different. The resistivities of the
solid and vapor phases are extremely low, approximated as 109 and 1015 Ohm-meter, respectively,
whereas the resistivity of the liquid phase is several orders of magnitude lower, ranging from
1� 10�2 to 5� 10�2 Ohm-meter [8,9]. As such, it can be assumed that the majority of conduction
occurs through the pore fluid. A number of composite models have been developed in which this
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concept is used [10–13]. Two of the more popular equations that are used in the cement and con-
crete literature are Archie’s expression and the modified parallel expression [11,14]. Several docu-
ments have reviewed these methods previously; the goal of this section is to describe how the
overall resistivity is dependent on three factors (the resistivity of the fluid in the pores, the degree
of saturation of the concrete, and the volume and connectivity of the pore network), as illustrated
in Eq 1.

q ¼ q0 � F �
1

f Sð Þ (1)

where:
q¼ bulk resistivity,
q0¼ resistivity of the fluid phase,
F¼ formation factor that is the product of the pore volume and a tortuosity coefficient, and
f ðsÞ¼ function that describes the degree of saturation, which is taken as 1 for a saturated

system.
This implies that the resistivity decreases with a higher water content (i.e., pore volume) and a

more open pore network (i.e., a lower tortuosity coefficient). This expression can also be written in
terms of electrical conductivity, as it is simply the inverse of the electrical resistivity.

One of the more popular test methods that is currently performed based on electrical concepts
is the rapid chloride permeability (RCP) test [15,16]. This test method involves placing a satu-
rated concrete specimen, typically 102 mm in diameter and 51 mm thick, between electrodes in
different solutions and integrating the charge that is passed over a 6 h testing period [15].
Although this test has come into wide use, a few drawbacks have been highlighted out [17–19].
First, this test is performed using high voltages and a direct current, which limits each sample to
providing a single measurement at a single age. Second, saturating the specimen can require a
relatively long preparation time. Third, there is potential for heating effects due to the large volt-
age and possible modification of the microstructure [20,21]. Research has been conducted
regarding temperature correction for the RCP test [22,23], and many changes to this test have
been proposed, including extrapolating the charge passed after a test duration of 30 min to the 6
h value [24], increasing the size of the reservoirs to reduce the heating effects [25], reducing the
large voltages in the test [26], and using a single resistance reading measured at an early age, of-
ten 1 min or 5 min [18,19].

Alternative testing methods have been proposed that require little to no sample preparation and
which allow the sample to be tested at different ages. One rapid test for the electrical resistivity of
concrete is the Wenner probe. As with any test, there are certain considerations that can impact
the results. For example, the probe spacing, the geometry of the sample, the aggregate size, and sur-
face moisture conditions can all influence the measured electrical response [27]. Because the mois-
ture conditions at the surface of the test specimen are quite important, care should be taken to
protect against drying or using surface treated concretes [28–30]. Additionally, some work has sug-
gested the need for an additional non-linear geometry factor for this method that occurs from the
constricted geometry, such as that of a standard test cylinder [27]. Further, when this method is
used on real structures, the location and proximity of the rebar need to be considered [31,32].

Several of these concerns can be addressed if a standard testing protocol is adopted. A draft test
method has been developed that uses a four-probe Wenner configuration on a 102 mm� 204 mm
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standard test cylinder with a probe tip spacing of 38 mm. Temperature monitoring can be difficult
and is frequently not done [33]. This surface resistivity (SR) test method places the probes directly
on the surface of the test specimen. This test method has recently been accepted for use by the Lou-
isiana Department of Transportation and the Florida Department of Transportation on select proj-
ects, and preliminary work has been done to expand its use for quality control [28,34]. Work has
also been done to correlate RCP testing and diffusion testing with SR [28,35,36]. This method has a
distinct advantage in that it can be performed rapidly and is easy to perform on the surface of a
cylinder.

The resistance of a concrete cylinder can alternatively be evaluated by using plate electrodes that
can be placed on the end of the sample [32,37]. The resistance value obtained can be normalized
by means of specimen geometry—simply, the ratio of the sample cross-sectional area to the
length—in order to obtain the sample resistivity, termed the bulk resistivity (BR). For this test,
good electrical contact must be ensured between the plate electrodes and the test specimen
[27,37]. This can be assisted through the use of a conductive medium, but the surface finish of
the cylinder ends should be flat. Some work has previously been performed with regard to evalu-
ating the contact pressure between the plate and the specimen [37]. Like other electrical tests,
this method is subject to the influence of the specimen’s moisture content and temperature. This
test, however, has the distinct advantages of rapid testing and a simple geometry factor. To the
best of the authors’ knowledge, a multi-laboratory evaluation of variability has not been per-
formed on this geometry, though some studies have reported exchanges of samples between two
laboratories [37].

Three major factors that should be considered in any electrical resistivity testing are (1) the
influence of geometry, (2) the influence of temperature, and (3) the influence of moisture. First,
whereas the normalized BR of concrete can be considered a material property, the tests that are
performed provide a measure of electrical resistance. The resistance measurements need to be cor-
rected for the geometry of the test. Geometry factors can be determined experimentally [8,38] or
numerically [27] and are largely dependent on the current flow through the material. A uniform
current flow through the bulk of the geometry provides an easy geometry factor, the ratio of the
cross-sectional area to the length. Other tests do not have this uniform current path, so the geome-
try factor is different. Temperature is another important factor in the testing of concrete resistivity.
As the primary conduction path is through the ionic pore solution, an increase in the temperature
increases the mobility of the ions, decreasing the resistivity. There has been work that has investi-
gated the possibility of a temperature correction for resistivity tests [6,39–43]. In this work, the
samples are all tested in laboratory conditions; as such, the sample temperature should be
23�C 6 2�C. Lastly, the degree of saturation is a major component in resistvity testing of concrete.
As a result, knowledge of the moisture history and moisture content at testing are important con-
siderations in the evaluation of resistivity data [44].

The main objectives of this evaluation are fourfold. First, it provides some background on elec-
trical property measurements for concrete and provides some of the physical principles behind
these tests. Second, it presents the results of an inter-laboratory evaluation of the variation in the
electrical BR of concrete. This information can be used in the development of precision and bias
statements. Third, it demonstrates the relationship between surface resistance test methods (e.g.,
Wenner) and measurements performed on a bulk cylindrical geometry. Fourth, it highlights im-
portant considerations in the development of testing standards and policies for the use of electrical
methods as quality control/quality assurance tests.
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Experimental Details
Materials
A round-robin testing program was proposed in 2009 for the evaluation of the repeatability of
Wenner and bulk resistance tests on concrete cylinders. A series of 12 concrete mixtures were pre-
pared at the laboratories that participated in this evaluation (Table 1). The mixtures are structural/
bridge deck concretes used by state departments of transportation from around the United States.
A final report detailing a parallel series of Wenner and BR tests conducted by the American Associ-
ation of State Highway and Transportation Officials Technology Implementation Group is avail-
able [45]. It should be noted that a wide range of cements, supplementary materials, and aggregates
were used in this investigation.

Sample Conditioning
The samples were demolded at an age of 48 h and placed into a saturated lime-water bath that was
kept at a constant room temperature until the age of testing (23�C 6 2�C). At an age of 14 days,
the respective laboratories removed the samples and wrapped them in paper towels soaked in satu-
rated lime-water. The samples were then double-bagged and prepared for two-day shipping to the
other participating laboratories. The goal was to ensure that the samples remained wet during
testing.

After the samples were received by the other testing laboratories, they were removed from the
bag and placed into saturated lime-water baths kept at room temperature (23�C 6 2�C). At ages of
28, 56, and 91 days, the samples were removed from the saturated lime bath, the surface was wiped
dry, and the samples were tested for SR and BR. After this testing, the samples were placed back in
the saturated lime-water.

Testing Procedure
It should be noted that the test described herein (with the plates placed on the end of the cylinder)
was a part of a larger evaluation of variation conducted by the AASTHO TIG [45,46]. Not all of
the laboratories chose to participate in this portion of the evaluation, and the nonparticipating

TABLE 1—Summary of mixture proportions used in this evaluation ( for Saturated Surface Dry conditions).

Mixture
Number w/cm

Water,
kg/m3

Cement,
kg/m3

Fly Ash,
kg/m3

Micron
Fly Ash,
kg/m3

Slag,
kg/m3

Silica
Fume,
kg/m3

Meta-kaolin,
kg/m3

Coarse
Aggregate 1,

kg/m3

Coarse
Aggregate 2,

kg/m3

Fine
Aggregate,

kg/m3

1 0.34 163 237 119 … 119 … … 1059 … 717

2 0.40 144 285 71 … … … … 282 854 824

3 0.39 199 392 119 … … … … 785 … 724

4 0.35 158 279 178 … … … … 940 … 793

5 0.40 164 308 103 … … … … 909 … 879

6 0.37 145 390 … … … … … 1068 … 712

7 0.40 160 297 80 … … 24 … 532 528 686

8 0.39 131 251 84 … … … … 555 … 1295

9 0.41 151 291 65 … … 15 … 1032 … 697

10 0.30 151 297 153 44 … … … 1009 … 638

11 0.30 157 430 95 … … … … 1033 … 577

12 0.35 156 402 … … … … 44 1009 … 624
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laboratories have been excluded from the following data; however, in order to avoid confusion, the
original laboratory numbers were retained.

Equipment
The equipment involved in this test consisted of a CNS Farnell Mk II U95 SR meter using an alter-
nating current at a frequency of 13 Hz, a set of 102 mm diameter stainless steel plate electrodes, and
16 AWG two-conductor wire used to connect the probe tips of the SR meter to the plate electrodes.

The cable was outfitted with alligator clips on one end to allow easy access to the probe tips of
the resistivity meter. The other end of the cable was outfitted with a ring terminal to connect to the
plate electrode. The plate electrode was drilled and tapped to allow easy and consistent attachment.

It is important to ensure proper electrical contact between the cylinder and the plate electrodes
[27,37]. For this evaluation, this was done using thin lime-water-saturated sponges.

Testing Procedure
The plate electrodes should be connected to the pins of the SR meter. The first two pins that gener-
ate the current and measure the potential were connected to one of the steel plate electrodes, and
likewise for the second set of pins, as shown in Fig. 1.

The resistances of the top and bottom sponges were then measured, as shown in Fig. 2. The resist-
ance of each individual sponge is largely dependent on its moisture content. The moisture content of
the sponge is dependent on the weight placed on top of it (e.g., large weights push more water from the
sponge). In order to ensure that the moisture contents remain the same, the weight it carries during the
test was used. For the top sponge, only the top plate was used as a weight. For the bottom cylinder, the
top plate and the cylinder were used to provide the weight, but the cylinder was placed above the top
plate, so its resistance was not measured. The goal of this was to provide a correction for sponge resist-
ance, as discussed below. The concrete cylinder was then placed between the plate electrodes, with
sponges being placed between the plates and the concrete cylinder, as shown in Fig. 3.

Calculations
The resistances of the top and bottom sponge are termed Rtop sponge and Rbottom sponge, respectively.
The measured resistance of the system (two sponges and a specimen), as depicted in Fig. 3, is

FIG. 1—Attachment of the alligator clips to the Wenner probe tips: (a) close-up; (b) at a distance. The steel plates have a diam-
eter of 102 mm, and the probe tip spacing is 38 mm.
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termed Rmeasured. The measured resistance was corrected for the resistance of the sponges by treat-
ing the system as resistors in series, as shown in Fig. 2 [37]. It was noticed for the sponges used in
this evaluation that the resistance values in each lab tended to remain relatively constant. Thus, for
sponges that show this constant resistance, it is proposed that they be measured only periodically,
and their resistances can be assumed to remain unchanged between measurements.

Rcylinder ¼ Rmeasured � Rtop sponge � Rbottom sponge (2)

The BR, denoted as q, can be determined using Equation 3. The geometry factor K for the current
flow through the bulk material is given by Equation 4. This can be extended to other sample geo-
metries through experimental testing [8].

FIG. 2—Measuring the sponge resistance for (a) the top and (b) the bottom sponges. The steel plates have a diameter of 102
mm, and the test cylinder is a standard 102 mm� 204 mm.

FIG. 3—Measuring the resistance of the system. The test cylinder is a standard 102 mm� 204 mm.
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q ¼ KRcylinder (3)

K ¼ A
L

(4)

where:
Rcylinder¼ calculated resistance of the concrete test cylinder from Eq 1,
A¼ cross-sectional area, and
L¼ length of the test specimen.

Results and Discussion
Bulk Resistivity Data
The samples were tested at three ages: 28, 56, and 91 days. The average BR (Avg.) and variance
(Var.) of three test cylinders measured at each testing age for each mixture by each testing labora-
tory are presented in Tables 2–4. Cells marked with “n/a” signify that no data were reported. The
last row in each table represents the pooled statistics, calculated according to ASTM C802 [47].

Data measured at an age of 28 days are presented in Table 2. Mixtures 1 through 5 were not
tested for 28 day BR, as the equipment was being distributed. Data measured at an age of 56 days
are presented in Table 3. Mixture 1 was not tested for 56 day BR because the equipment had still
not been received. Data measured at an age of 91 days are presented in Table 4.

TABLE 2—Average BR and variance obtained at a testing age of 28 days, kohm-cm.

Mixture

Laboratory 1 2 3 4 5 6 7 8 9 10 11 12

1 Avg. n/a n/a n/a n/a n/a 5.29 13.41 14.97 8.84 12.67 6.46 14.89

Var. n/a n/a n/a n/a n/a 0.03 0.15 1.28 0.16 0.06 0.03 0.82

2 Avg. n/a n/a n/a n/a n/a 5.27 14.12 16.98 8.36 13.49 6.73 18.84

Var. n/a n/a n/a n/a n/a 0.01 0.21 0.18 0.02 0.30 0.64 0.61

3 Avg. n/a n/a n/a n/a n/a 5.19 13.54 14.03 7.69 11.53 5.43 16.04

Var. n/a n/a n/a n/a n/a 0.03 0.12 0.24 0.14 0.17 0.05 1.71

5 Avg. n/a n/a n/a n/a n/a 5.65 15.19 16.73 8.31 16.93 7.36 n/a

Var. n/a n/a n/a n/a n/a 0.05 0.10 0.47 0.13 0.16 0.10 n/a

6 Avg. n/a n/a n/a n/a n/a 5.55 15.24 15.69 9.60 13.72 6.68 20.24

Var. n/a n/a n/a n/a n/a 0.10 0.17 0.09 0.08 0.43 0.05 0.01

7 Avg. n/a n/a n/a n/a n/a 5.03 13.59 15.01 8.91 12.87 6.88 16.90

Var. n/a n/a n/a n/a n/a 0.04 0.12 0.16 0.01 0.14 0.07 0.07

8 Avg. n/a n/a n/a n/a n/a 5.84 14.36 16.58 8.63 14.59 6.81 18.21

Var. n/a n/a n/a n/a n/a 0.03 0.36 0.14 0.10 0.45 0.13 0.15

9 Avg. n/a n/a n/a n/a n/a 5.31 14.39 16.37 8.91 13.15 7.00 16.48

Var. n/a n/a n/a n/a n/a 0.00 0.01 0.11 0.05 0.40 0.04 0.84

10 Avg. n/a n/a n/a n/a n/a 5.12 14.20 15.60 8.62 14.22 6.77 18.55

Var. n/a n/a n/a n/a n/a 0.00 0.05 0.02 0.39 0.13 0.01 0.12

12 Avg. n/a n/a n/a n/a n/a 5.68 14.02 15.11 8.30 12.30 6.40 16.76

Var. n/a n/a n/a n/a n/a 0.01 0.20 0.04 0.21 0.26 0.13 0.11

All labs Mean n/a n/a n/a n/a n/a 5.39 14.21 15.71 8.62 13.55 6.65 17.43

Pooled variance n/a n/a n/a n/a n/a 0.03 0.15 0.27 0.13 0.25 0.13 0.49

Variance n/a n/a n/a n/a n/a 0.07 0.40 0.90 0.26 2.22 0.26 2.72
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The data presented in Tables 2 through 4 were analyzed according to ASTM C802 in order to
determine the corresponding components of variance for the variability from within-laboratory
and multi-laboratory data. The within-laboratory variability is typically attributed to variability
stemming from the operator, as well as variability inherent in the test equipment and in the sam-
ples being tested. It should be noted that when using the approach taken for this round-robin test-
ing, variations between samples arising from sample preparation issues could contribute to this
component of variability. This is discussed later in this paper.

The data were also analyzed to evaluate the relationship between the variability of each of the
mixtures and the properties of that mixture. Specifically, the w/c and the mass fraction of cementi-
tious materials were evaluated. No significant correlation was seen between the variability and these
mixture characteristics.

Within-laboratory Variability
The operator variability, the variability of specimens, and the inherent variability in the mixture
are all grouped together into the within-laboratory variability. This value is computed using the av-
erage within-laboratory coefficient of variation (COV), presented in Table 5 [47]. Previous work
evaluating the development of an automated resistivity testing system has reported a similar
within-laboratory COV of around 3 % to 4 % for samples older than 24 h [48]. It should be noted
that the variation increases over time. It is believed that this might be due to slight variations in

TABLE 3—Average BR and variance obtained at a testing age of 56 days, kohm-cm.

Mixture

Laboratory 1 2 3 4 5 6 7 8 9 10 11 12

1 Avg. n/a 6.73 8.76 12.63 8.07 6.56 24.34 29.99 14.78 22.20 11.98 18.14

Var. n/a 0.07 0.08 0.18 0.01 0.03 0.04 0.05 0.15 0.34 0.09 0.03

2 Avg. n/a 8.64 9.10 12.05 10.83 7.22 24.52 27.25 13.14 22.53 12.69 20.12

Var. n/a 0.38 0.05 0.10 0.65 0.09 1.28 0.11 0.05 0.79 0.64 0.42

3 Avg. n/a 6.18 7.81 12.26 7.71 5.81 23.13 21.61 12.17 17.26 n/a 17.71

Var. n/a 0.23 0.05 0.01 0.00 0.00 0.73 0.39 0.11 0.19 n/a 1.48

5 Avg. n/a 7.98 9.26 11.41 7.26 7.08 24.10 29.12 14.92 22.48 10.91 n/a

Var. n/a 0.00 0.48 0.03 0.12 0.02 0.39 0.24 1.12 0.14 0.01 n/a

6 Avg. n/a 7.70 9.16 12.89 9.99 6.70 n/a 25.02 n/a 19.62 10.09 21.49

Var. n/a 0.06 0.46 0.02 0.01 0.21 n/a 0.87 n/a 0.78 0.08 0.12

7 Avg. n/a 8.38 8.55 12.34 8.33 6.57 24.20 27.18 16.50 21.37 12.16 19.88

Var. n/a 0.64 0.09 0.08 0.05 0.04 0.27 1.46 0.06 0.02 1.03 0.62

8 Avg. n/a 7.18 9.27 13.64 9.31 6.72 25.89 31.29 14.38 24.98 12.55 20.85

Var. n/a 0.18 0.12 0.06 0.08 0.03 1.73 0.68 0.25 0.36 0.10 0.46

9 Avg. n/a n/a 9.20 13.50 8.59 6.52 26.09 30.28 15.13 23.23 13.43 20.27

Var. n/a n/a 0.11 0.72 0.01 0.05 0.07 0.81 0.10 0.93 0.22 0.25

10 Avg. n/a 7.98 8.92 14.85 7.94 6.26 26.58 26.03 14.20 22.24 11.22 21.46

Var. n/a 0.00 0.23 0.61 0.13 0.01 0.34 0.08 0.81 0.17 0.03 0.25

12 Avg. n/a 6.10 8.34 11.94 7.90 6.52 22.21 23.65 13.06 18.67 9.95 15.99

Var. n/a 0.03 0.01 0.03 0.16 0.03 1.76 0.68 0.53 0.73 0.05 0.86

All labs Mean n/a 7.43 8.84 12.75 8.59 6.59 24.56 27.14 14.25 21.46 11.66 19.55

Pooled variance n/a 0.18 0.17 0.18 0.12 0.05 0.73 0.54 0.35 0.44 0.25 0.50

Variance n/a 0.86 0.23 1.02 1.25 0.15 2.02 9.74 1.70 5.29 1.44 3.52
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curing conditions that might have occurred at each lab, which could have amplified differences
over time.

Multi-laboratory Variability
The multi-laboratory variability can be described by the average COV computed from the multi-
laboratory component of variance [47]. The average values of the multi-laboratory COV are shown
in Table 6. It should be noted that the variation increases over time. Again, slight variations in cur-
ing conditions that might have occurred at each lab could have amplified differences over time.

Precision Statements
Precision estimates were calculated [49]. For this experiment, the fundamental statistic was deter-
mined to be the COV, represented as 1s% in ASTM C670. Therefore, the calculated precision

TABLE 4—Average BR and variance obtained at a testing age of 91 days, kohm-cm.

Mixture

Laboratory 1 2 3 4 5 6 7 8 9 10 11 12

1 Avg. 10.24 8.07 12.14 18.71 11.36 7.58 38.05 42.08 19.44 34.98 17.90 18.80

Var. 0.19 0.05 0.23 0.39 0.02 0.06 0.01 7.14 0.37 1.22 0.20 0.79

2 Avg. 12.16 10.43 15.12 18.83 16.81 8.31 32.40 39.19 17.58 29.78 16.17 24.58

Var. 0.48 0.12 0.94 0.77 0.62 0.04 2.72 0.25 0.04 1.25 0.89 1.08

3 Avg. 10.43 7.85 10.61 16.58 9.46 6.65 28.87 31.78 14.63 22.71 13.10 17.18

Var. 0.16 0.43 0.68 0.07 0.19 0.26 2.12 2.63 0.32 0.21 0.79 0.36

5 Avg. 11.01 8.36 12.12 16.21 10.20 8.48 33.45 37.14 20.19 28.66 15.45 n/a

Var. 0.20 0.02 0.47 0.05 0.16 0.02 0.50 1.07 2.72 0.27 0.29 n/a

6 Avg. 13.91 10.11 14.34 23.58 n/a 7.65 30.97 30.81 15.60 29.92 15.80 20.96

Var. 0.00 0.03 1.04 0.09 n/a 0.40 0.98 0.05 0.35 0.89 0.06 0.01

7 Avg. 10.67 10.05 14.11 19.27 12.58 7.94 35.83 40.06 20.81 29.55 17.18 21.03

Var. 0.15 0.44 0.83 0.04 0.08 0.03 0.70 2.41 0.05 0.10 0.03 0.48

8 Avg. 12.22 8.92 13.25 20.47 13.29 7.67 38.06 45.59 19.19 35.36 18.49 20.29

Var. 0.02 0.23 0.18 0.23 0.11 0.05 4.03 1.94 0.43 1.04 0.18 0.51

9 Avg. 11.16 10.09 14.35 19.54 12.06 8.60 37.74 43.37 n/a 34.48 22.41 19.55

Var. 0.00 0.59 0.05 2.77 0.10 0.42 0.02 9.91 n/a 3.77 4.91 0.79

10 Avg. 12.39 9.75 13.71 22.44 12.65 6.74 37.54 38.41 18.26 30.51 16.50 21.15

Var. 0.07 0.80 0.34 2.00 1.42 0.00 0.24 0.08 1.21 0.46 0.14 0.23

12 Avg. 10.07 7.82 11.12 15.96 10.40 7.26 31.21 33.11 14.93 22.67 12.69 18.01

Var. 0.23 0.02 0.00 0.04 0.15 0.04 3.08 1.92 0.52 0.78 0.01 0.02

All labs Mean 11.43 9.15 13.09 19.16 12.09 7.69 34.41 38.15 17.85 29.86 16.57 20.17

Pooled variance 0.15 0.27 0.47 0.65 0.32 0.13 1.44 2.74 0.67 1.00 0.75 0.47

Variance 1.48 1.10 2.29 6.45 4.77 0.45 11.91 24.83 5.35 20.28 7.67 4.70

TABLE 5—Average within-laboratory coefficient of variation.

Testing Age,
days

Within-laboratory
Coefficient of Variation, %

28 3.34

56 3.87

91 4.36
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indices correspond to d2s% as described in ASTM C670, determined by multiplying the average
COV by the factor 2

ffiffiffi

2
p

[49]. This index represents the maximum difference between two individ-
ual test results, expressed as a percentage of their average. The precision indices for different testing
ages are shown in Table 7. The maximum precision index for within-laboratory and multi-
laboratory variability is used to form the precision statements, which correspond to a testing age of
91 days.

The maximum pooled single-operator COV was found to be 4.36 %. Therefore, the results of
two tests properly conducted by the same operator on the same concrete material at the same age
are not expected to differ by more than 12.34 % of their average. The maximum pooled multi-
laboratory COV was found to be 13.22 %. Therefore, the results of two tests properly conducted by
different laboratories on the same concrete material at the same age are not expected to differ by
more than 37.38 % of their average.

The precision statements for BR presented in this paper can be compared with the precision
statements for other electrical test methods, namely, the RCP test and a corresponding SR test The
variability of the RCP test was obtained from the corresponding ASTM standard [15], and SR data
were obtained from a report detailing the resistivity round robin [45]. For consistency, the SR data
from Ref 45 were analyzed according to the same procedure described in this paper. Two tests
done by the same operator on material from the same concrete mixture should not differ from
their average by more than 42 % for the RCP test, 13.28 % for the SR test (with each test consisting
of eight average measurements), and 12.34 % for the BR test (with each test consisting of one mea-
surement). For tests conducted in separate laboratories, results should not differ from their average
by more than 51 % for the RCP test, 34.55 % for the SR test, and 37.38 % for the BR test. It should
be noted that because the SR test is sensitive to the specific location in which measurements is
taken, an average of eight measurements is taken for each sample, which contributes to smaller var-
iability in the pooled statistics. However, this means that more time is needed in order to perform
the test. Conversely, the bulk measurement described herein is a single measurement.

Correlation with Other Electrical Test Methods
SR measurements were conducted as a part of this evaluation [45]. Figure 4 compares the measured
SR and the calculated BR.

TABLE 6—Average multi-laboratory coefficient of variation.

Testing Age,
days

Multi-laboratory
Coefficient of Variation, %

28 7.75

56 9.83

91 13.22

TABLE 7—Precision indices for bulk resistivity.

Testing Age, days Within-laboratory Multi-laboratory

28 9.44 21.93

56 10.94 27.82

91 12.34 37.38
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A linear correlation was noticed, with R2¼ 0.9986, and with SR measurements tending to be
1.86 times higher than the BR. The large data in the experimental results support previous work
using finite element methods that showed that additional geometry factors must be used in order
to account for aspects of the test geometry, such as probe spacing, cylinder length, and cylinder di-
ameter [27]. The factor of 1.86 is in good agreement with the geometric correction proposed by
Morris et al. [27] for a cylinder with a length of 205 mm, a diameter of 102 mm, a probe spacing of
38.1 mm, and a maximum aggregate size of 19 mm, which was approximately 1.9.

As the RCP test is a widely used test for mixture characterization, Table 8 has been prepared to
relate concrete resistivity to values obtained from RCP and SR testing. Previous empirical studies
have also shown that RCP values can be related to concrete resistivity, termed the Berke empirical,
and to the apparent SR, termed the Paredes empirical [28,36]. The total charge passed during the
RCP test is used with Ohm’s law, an assumed testing period of 6 h, and a voltage of 60 V to

FIG. 4—Correlation of measured SR and BR of samples of differing ages; each data point represents the average of three
samples.

TABLE 8—Relationships between values obtained via different electrical test methods.

ASTM C1202
Classificationa

Charge Passed,
Coulombsa

Direct
Resistivity,
kohm-cmb

Berke
Empirical,
kohm-cm

Paredes
Empirical,
kohm-cmc

Apparent Surface
Resistivity (102 mm� 205 mm),

kohm-cmd

High >4000 <5.2 <4.9 <6.5 <9.7

Moderate 2000–4000 5.2–10.4 4.9–8.76 6.5–11.3 9.7–19.3

Low 1000–2000 10.4–20.8 8.8–15.6 11.3–19.9 19.3–38.6

Very low 100–1000 20.8–207 15.6–105.9 19.9–136.6 38.6–386

Negligible <100 >207 >105.9 >136.6 >386

aFrom ASTM C1202 [15].
bCalculated using Ohm’s law and geometry.
cCorrected for geometry from Kessler et al. [28].
dBulk resistivity multiplied by geometry factor.
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determine the resistance. The standard test specimen (i.e., a 102 mm� 51 mm disc) can be normal-
ized by the geometry using the factor described in Eq 4 to determine the BR [15]. This is a direct
computation that does not consider the temperature effects or possible damage previously dis-
cussed. The values for the BR or apparent SR can then be ranked as classified by the RCP test
method [15].

Effects of Electrode Resistance
Previous work has shown that electrode resistance (and other factors involved in ensuring connec-
tivity between the electrode and sample) can influence the results as shown in Equation 2.

FIG. 5—Influence of electrode resistance on (a) the measured resistance (sample and electrodes) as a function of the cylinder
(sample) resistance and (b) the ratio of measured resistance (sample and electrodes) to cylinder (sample) resistance as a func-
tion of concrete resistivity.
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The major contributor to electrode resistance is poor contact between the plate electrode and
the surface of the test cylinder. Some work has suggested the possibility of using flexible electrodes
[27]. An alternative solution is to use an aid that allows for good electrical contact. In the labora-
tory, this can be accomplished through the use of an electrically conductive gel [50,51]. The alter-
native is to use another soft, conductive medium. Popular solutions have included the use of
saturated sponges, chamois cloth, and paper towels [21,37].

An important issue becomes the associated resistance of the sponges. Previously, this associated
resistance has been treated as a series of resistors in parallel with the test cylinder, which produces
the correction shown and described by Equation 2.

The sponge resistance is largely dependent on the moisture content of the sponges and the con-
ductivity of the solution in which they are saturated. For this evaluation, the solution was saturated
lime-water, which was also used as the storage solution for the test cylinders. Furthermore, in order
to ensure the proper moisture content, the contact pressure for the sponge was kept constant
between the sponge resistivity test and the cylinder test, as shown in Figs. 2 and 3.

Although this correction provides the truest value of the BR, the results of this evaluation show
that this correction might not always be very large. For the sponges used in this evaluation, the
resistances of the two sponges were much less than the resistance of the cylinder. Figure 5(a) shows
the measured resistance (i.e., sample, sponges, and electrodes) as a function of the cylinder resist-
ance (i.e., the sample alone), as defined in Equation 2. The best fit line, given by Eq 5a with an R2

of 0.9997, shows an average difference of less than 2 % between the measured resistance and the
cylinder resistance.

Additionally, the ratio of the measured resistance to the actual cylinder resistance, as defined in
the preceding paragraph, can be shown against the concrete resistivity, depicted in Fig. 5(b). This
ratio represents the correction from the cylinder resistance. Figure 5(b) shows an upper bound of
this ratio, given by Eq 5b. We can see that for lower concrete resistivities, the ratio can be signifi-
cant. However, for better concrete (i.e., higher resistivity concrete), this ratio approaches 1.

Measured Resistance ¼ 1:019� Cylinder Resistance (5a)

Measured Resistance
Cylinder Resistance

¼ 1:0þ 0:84� 1
Concrete Resistivity

(5b)

Summary and Conclusions
This paper reports results from a multi-laboratory investigation of the variability associated with
testing the electrical BR of concrete cylinders by placing plate electrodes on the ends of the cylin-
der. An analysis of the data is presented. It should be noted that the samples used in this evaluation
were conditioned by storing the samples in lime-saturated water between test measurements. The
following observations can be made regarding the variability of the resistivity test method: First, re-
sistivity testing is a rapid test that drastically reduces the amount of time a technician needs to
spend conditioning the sample and conducting the test. Therefore, this test is well suited for quality
control testing. Second, resistivity testing can be considered a non-destructive test. This means that
for each mixture being evaluated using resistivity, only a small number of samples need be pre-
pared, and these samples can be measured at several different ages. This can be contrasted with
other destructive electrical tests that require a larger series of samples for proper mixture evalua-
tion. In fact, this testing can be performed on cylindrical samples before they are tested for
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compressive or splitting tensile strength. Third, the operator and multi-laboratory precision of this
test method have been quantified using data from the average COV obtained from an inter-
laboratory evaluation consisting of ten laboratories and twelve different mixtures. For the BR test
method, the within-laboratory COV is 4.36 %, and the multi-laboratory COV is 13.22 %. Fourth,
the specimen geometry can greatly influence the results of an electrical test, and the use of a geome-
try correction factor is often required. For the BR test, this geometry factor is simply the ratio of
the sample cross-sectional area to the sample length. Finally, the effects of electrode resistance were
addressed using a series model. Whereas previous work described corrections for end plate resist-
ance, the variability data from this investigation show that for the materials used in this evaluation,
the correction that is needed is quite small. It is suggested that a standard resistivity test be devel-
oped that could allow samples to be tested using a variety of sample geometries, including (1) the
Wenner probe geometry, (2) the bulk resistance described herein, and (3) alternative geometries,
provided the geometry factor can be quantified. This could enable the use of all the different meth-
ods to obtain the material property known as BR.
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Abstract 

Electrical properties are frequently measured in the concrete construction industry as a part of 

mixture qualification and quality control testing. While there are several factors that influence the 

electrical response of concrete, one of the most important factors is its degree of saturation. Although 

current standard tests rely on the concrete being saturated, this can be difficult to accomplish, is time 

consuming, and can artificially increase the degree of hydration of the test sample in comparison to that 

of concrete in field structures (when the test samples are stored in water). While some studies have 

measured the electrical response of concrete for samples with different moisture content (i.e., stored at 

different relative humidities), a single expression has not been proposed that predicts how drying 

changes the electrical response. This paper suggests that a saturation function should be considered as a 

possible method to account for, and to correct for, less than complete saturation in concrete. This 

function would provide one term that accounts for changes in pore fluid volume, pore solution 

concentration, and pore fluid connectivity. While preliminary, this approach has several potential 

benefits: 1) it could enable testing of partially saturated concrete, thus saving time; 2) it could be used 

to predict properties under different exposure conditions; 3) it may facilitate more comprehensive 

service life models; and 4) it may enable a wider use of embedded sensor technology.  

Background  
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Several test methods exist in the construction industry that use measures of the electrical 

properties of concrete as an indicator of potential durability performance. The so-called rapid chloride 

permeability (RCP) test (e.g., AASHTO T277/ASTM C1202) is one example of an electrical test for 

concrete. For nearly three decades, the concrete profession has qualified concrete mixtures using the 

RCP testing procedure. While rapid in comparison to long-term ponding tests, the RCP test procedure 

applies an electrical potential to the test sample for 6 h and requires that the sample be vacuum 

saturated prior to testing. Several researchers have suggested that the testing time could be 

dramatically shortened without compromising the quality of the data. Snyder et al. (2000) illustrated 

that there was no need for the 6 h measurement because values after 1 min or 5 min provide an equally 

valid indication of the electrical resistivity of the concrete. Other researchers have confirmed that the 

test can be performed with shorter test times (Shane et al. 1999, Riding et al. 2008). In fact, shortening 

the test would improve the quality of the results, as it reduces the potential for Joule heating, which 

artificially increases the measured response of charge passed over time (Julio-Betancourt and Hooton 

2004). Since the time of the preparation of this paper, ASTM committee C09 has accepted a new test 

method to implement this more rapid measurement protocol (ASTM C1760). But, even if the 

measurement time is reduced, the sample preparation time is still inconveniently long.  RCP testing (or 

ASTM C1760) requires saturation of the sample, a task which is time consuming, labor intensive, and 

difficult to accomplish in many cases. The cost of testing (in terms of time and money) could be 

significantly reduced if reliable measurements could be made on partially saturated specimens. Such a 

measurement also has value in that it can provide information on the transport properties under 

partially saturated conditions. 

Similarly, time might be saved by using test geometries and methods other than the rapid 

chloride permeability test. Surface measurements of electrical properties are popular (FM-5-578 2004), 

and AASHTO has recently developed a provisional standard (TP95-11) based on the Wenner four probe 
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surface resistance test (Morris et al. 1996, Berke and Hicks 1992, Kessler et al. 2005, UNE 2008a, Jackson 

2011, Rupnow and Icenogle 2011). Although this test procedure can be performed in less than 2 min, it 

frequently requires the storage of samples in lime-saturated water. While storage in water is intended 

to ensure that the samples are saturated, low-permeability concretes may not maintain saturation even 

after long immersion times, due to self-desiccation (internal drying). Likewise, samples stored in air, 

even humid air, are not fully saturated. Furthermore, storage in water may provide additional curing 

and/or leaching that are not representative of what may be happening in actual field structures.  

Other test procedures have also been proposed for rapid electrical testing. Specifically, a test 

procedure has been proposed that measures a bulk resistivity through cylinders (Whittington et al. 

1981, Newlands et al. 2008, UNE 2008b, Spragg et al. 2011). Tests could be conducted on samples of 

other geometries or even between embedded electrodes (Monfore 1968, McCarter et al. 1981, Hansson 

and Hansson 1983, Christensen et al. 1994, Tumidajski et al. 1996 , Gu et al. 1992, Raupach and Scheissl 

1997, Scheissl et al. 1999, Sellevold et al. 1997, Shane et al. 1999, Weiss et al. 1999, Rajabipour et al. 

2007, Poursaee et al. 2009, Castro et al. 2010). Each of these methods uses a different electrode 

configuration and sample size, thereby requiring a separate geometric correction factor; however, the 

fundamental principles of the tests are similar. Details on many of the geometric correction factors are 

available in the literature (e.g., Rajabipour 2006).  

It is interesting to note that, when the appropriate geometric corrections are made and the 

samples are uniform (i.e., relatively homogenous) and properly conditioned, an intrinsic material 

property (conductivity or resistivity) is obtained that is independent of sample geometry.  Therefore, all 

of these methods have great promise for moving the field towards qualification and quality control test 

methods that are simple and related to durability performance, but it should be noted that their results 

can be dramatically influenced by the degree of saturation of the concrete (Monfore 1968, Scheissl et al. 
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1999, Andrade et al. 2011). This paper will focus on understanding how the moisture content (i.e., 

degree of saturation) influences the overall measured electrical response. Specifically, this paper 

suggests that a universal expression could be used to interpret measurements for partially saturated 

concrete.  

Electrical Conductivity Expression for Saturated Concrete 

The electrical conductivity (inverse of resistivity) of concrete depends on five factors: the 

conductivity of the solution in the pores, the volume of saturated pores (porosity), their connectivity 

within the microstructure (tortuosity), temperature, and the degree of saturation. Although there are 

several expressions that could be used to estimate the electrical response of a composite like concrete 

(Torquato 2002), the two most commonly used are a modified parallel law (i.e., a model of straight non 

intersecting tubes which is modified to account for tortuosity and connectivity with the term , Garboczi 

1990) and Archie’s equation (originally developed in 1942 and reprinted in 2003). Of the two, Archie’s 

equation for the electrical conductivity of a rock soaked (saturated) in brine provides a useful starting 

point:  

 [1] 

where a is a parameter that depends upon the rock type,  is the rock conductivity,  is the brine 

conductivity, and  is the pore volume fraction (porosity). The exponent m is a fitting parameter that is 

referred to as the cementation factor. It should be noted that the cementation factor refers to how the 

microstructure is formed, and is not related to the actual cementitious content of the material.  Archies 

law can be related to the modified parallel law as shown by Garboczi (1990).  

Electrical Conductivity Expression for Partially Saturated Concrete 
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Several researchers have developed expressions similar to equation 1 for partially saturated 

concrete. These modifications consist of reinterpreting the pore volume as only the volume of the pore 

fluid (Weiss 1999, Andrade et al. 2011).  While that simple correction may be expedient, it leads to some 

confusion between pore volume and fluid-filled pore volume. Further, additional complications arise 

since several factors in Eq. 1, including the pore solution conductivity and solution connectivity, change 

as the degree of saturation changes. As such, previous work has accounted for each factor individually 

(Rajabipour et al. 2007); however this can be very time consuming and does not lend itself to easy use 

for quality control testing during construction.  

An alternative approach is to start with the expression that characterizes the pore structure of 

the concrete called the formation factor (a uniquely defined parameter for a material with a given 

composition and degree of hydration) and to incorporate an empirical expression for the effects of 

partial saturation. For a fully saturated concrete, the ratio of the pore solution conductivity at saturation 

p
o to the concrete conductivity at saturation c

o is the formation factor F (Snyder, 2001): 

 [2] 

For a partially saturated concrete, the concrete conductivity c decreases as the saturation level of the 

concrete decreases (assuming the pore solution composition remains constant). This is due, in part, to 

the reduction in the pore fluid volume but also due to changes in the connectivity of the connected 

pathways and changes in the pore solution in the system (Rajabipour et al. 2007). For a concrete, the 

relationship between the concrete conductivity and the saturation could be accounted for using an 

expression that will be referred to as the saturation factor, f(S): 

 [3] 
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The function f(S) has the property that f(S=1) =1 and f(S<1) < 1. Furthermore, if one assumes that the 

pore solution at saturation ( p
o) is known, the pore solution conductivity at values other than saturation 

(e.g., due to drying) can be, as a first approximation, related to the degree of saturation: 

 [4] 

This is an assumption that is not accurate for concentrated solutions, so an additional correction is 

discussed later in the paper.  Combining equations 3 and 4 results in equation 5: 

 [5] 

It should be remembered that this is not a rigorous algebraic derivation but the development of a trial 

form for the equation based on fundamental engineering assumptions. 

While the left hand side of the equation is the conductivity of the concrete as a function of saturation, 

the right side of the equation has three terms. The first term accounts for the pore solution conductivity 

(due to the mixture design and subsequent concentration due to water loss), the second term accounts 

for the total pore space and the third term accounts for the connectivity of the fluid in the pore space. 

Each term is independent of the others, and all of the parameters are related to well defined properties 

of the matrix and the solution filling its pores. It should be noted that it is assumed that the 

sample/solution does not carbonate or precipitate salts in this simplified analysis. 

The saturation function is used in other transport problems and could be formulated in a number of 

ways (Millington and Quirk 1961, Martys 1999, Samson and Marchand 2008, Schlumberger (2011)). 

Within the constraint is that at saturation (S=1), the function’s value is unity (f(S=1)=1), there is flexibility 

in how the saturation function is approximated. One viable function that has been used to describe the 

influence of saturation is a power-law relationship: 
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 [6] 

where n is a fitting parameter called the saturation coefficient. As described later in this paper, n is 

typically of the order of 1.5 to 3 for porous rocks, while it may be slightly higher for cement and concrete 

(i.e., in the range of 3.5 to 5 for the paste and mortar samples or for the computer simulations discussed 

in this paper).   

It should also be mentioned that the degree of saturation (S) is frequently determined using the 

difference in mass before and after drying at 100°C normalized by the equivalent difference in mass for 

a saturated system. This mass-based form of the degree of saturation is used since it is easy to 

determine experimentally in the laboratory. But, the mass-based determination is equal to the 

saturation in terms of fluid volume only if the filling liquid is water. For concentrated electrolytes such as 

concrete pore solutions, there may be merit in interpreting S as a volumetric degree of saturation 

(volume of the fluid as compared with the overall volume of fluid that can be held by the pore system of 

the sample at saturation). For this paper the mass based definition was used. 

Figure 1 shows a plot of the saturation function  along with estimates based on experimental 

data from Rajabipour et al. (2007), calculated from Eq. 3 using known values for the pore solution 

conductivity at each step. In figure 1, the degree of saturation was determined on a mass basis. As may 

be expected, the cement system behaves slightly differently than the siltstone that has larger pores, few 

if any ‘ink bottle pores’, and a more open pore network. The saturation coefficient for the siltstone is 

approximately 2 (which is a value consistent with that reported in the geological literature 

(Schlumberger Oilfield Glossary 2011)). However, for the cement-based system with a ratio of water 

mass to cement mass (w/c) of 0.50, the value of the saturation coefficient is approximately 3.5, and the 

saturation coefficient approaches 5 for the system containing silica fume (w/c = 0.35 + 5 % silica fume). 

The saturation function shown as the dashed line in Figure 1, using equation 6, assumes n = 4. It should 
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be noted that the saturation function shown in Figure 1 is equivalent to the normalized conductivity 

ratio (the ratio of the conductivity of the concrete to the conductivity of the pore solution, normalized 

by the value of this ratio at saturation). As such, data like those in Figure 1 are currently quite rare in the 

concrete literature, as the changes in the pore solution with saturation must be included when 

developing such data. 

Saturation Functions from Simulation (Considering pore fluid volume and connectivity) 

The Virtual Cement and Concrete Testing Laboratory software (VCCTL), used to predict degree 

of hydration, microstructure development, and physical properties of cement paste, mortar, or concrete 

(Bullard et al., 2008), was adapted in this study to estimate the form of a saturation function. One 

advantage of the numerical simulations is that they automatically account for the pore solution 

conductivity, a property which may be difficult to measure experimentally in many partially saturated 

cementitious samples for three reasons. First, it becomes difficult to extract the pore solution using the 

pressurized approach like the one proposed by Barneyback and Diamond (1981) in partially saturated 

conditions, due to the very low volume of available pore fluid. Second, the loss of water by drying can 

also increase the ionic concentration of the solution, which concurrently increases the pore solution 

conductivity (Rajabipour et al. 2007). Finally, pore solutions can be susceptible to rapid carbonation, 

which will also significantly alter their conductivity (Rajabipour 2006).   

Using the VCCTL, 3D virtual microstructures of cement paste were generated that were 

chemically and physically representative of the real systems considered in this paper. Hydration and 

microstructure development, under either saturated or sealed moisture conditions, were simulated out 

to ages of 1 d, 2 d, 3 d, 7 d, 28 d, 90 d, and 365 d. The 3D microstructures at each age were input into a 

finite difference model that calculated the net charge flux across the microstructure in response to a 

fixed applied electric field (Garboczi 1998). The relative conductivity of the microstructure was 
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computed by dividing the charge flux by the electric field (Ohm’s law). In addition, the formation factor, 

F, was calculated by saturating the capillary pore volume (for the sealed curing condition specimens) 

and repeating the calculation of effective conductivity.  Effective conductivities calculated in this way are 

reproducible to within ±5 % for different realizations of a representative volume element of the paste 

microstructure. 

Figure 2 shows the simulated cement paste microstructures for a sealed mortar with a w/c of 

0.42 and an aggregate volume fraction of 55 % at 3 d (Figure 2a) and at 365 d (Figure 2b). Over time, the 

capillary porosity of the system decreases due to hydration. In addition, since the system is sealed, the 

vapor-filled space increases due to chemical shrinkage and self-desiccation. To estimate the saturation 

function, the conductivity of the sealed mortar was compared with the sealed mortar that was 

‘resaturated’ by altering the conductivity of the vapor-filled space to be equivalent to that of the pore 

solution.  

It should be noted that two types of porosity are generally considered to exist in a hydrated 

cement paste system. The capillary pores are larger pores (shown in black in Figure 2) which remain 

from the original space occupied by mix water that has not filled in during hydration. The gel pores are 

smaller pores that are created within hydration products. In the VCCTL model, microstructure is 

represented as a 3D digital image where each voxel, a 1 m cube, is assigned a particular cement phase. 

Therefore, capillary pores are computed directly from the voxels that represent pores in the simulation, 

but the gel pores are assumed to occupy 38 % of the volume of any C-S-H voxel. This compares favorably 

and is consistent with the calculations from a Powers’ model type approach (Powers and Brownyard 

1942). An advantage of the VCCTL model as compared with the Powers’ calculations is that it provides a 

3D spatial distribution of the porosity, including its tortuosity, which can be used in conductivity 

computations. A disadvantage is that the capillary pores have a lower size limit of 1 m because of the 
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finite voxel size. This lower limit is relatively coarse compared with the smaller capillary pores in a typical 

hydrated portland cement, although comparisons of capillary porosity correlation functions determined 

on model and real microstructures for a w/c=0.47 cement paste are quite favorable (Bentz 2006). 

Figure 3a shows results from the VCCTL simulation of a paste with a w/c of 0.50 and a degree of 

hydration of 65 % yielding a similar formation factor (24.2) as that from the experimental data shown in 

Figure 1. The formation factor was selected to match the formation factor that was measured 

experimentally.  A series of simulations were subsequently performed where fluid was systematically 

removed from the capillary pores to simulate the influence of a change in the degree of saturation 

caused by drying (after Bentz 1998) .  To do so, the pore size surrounding each pore voxel was estimated 

as the number of pore voxels within a 7 x 7 x 7 box centered on the given voxel, thereby quantifying 

pore size as an integer between 1 (smallest) and 343 (largest).  The pore voxels were ranked in 

descending order of this size estimate, and water removal was simulated by switching the state of the 

largest pore voxels from “saturated” to “empty”. While the general trend between the experiment and 

the simulation is similar, it can be noticed that the simulation shows a more dramatic influence of drying 

on the saturation function than is observed experimentally (n = 5 for the simulations, while n = 3.5 for 

the experiment shown in Figure 1). 

Figure 3b plots the simulated saturation function for a series of sealed specimens with different 

w/c ratios. The saturation function was determined by using the conductivity of a sealed mortar and the 

conductivity of that sealed mortar after being ‘resaturated’, (i.e., by altering the conductivity of the 

vapor-filled space to be equivalent to that of the pore solution). The results in Figure 3b represent 

mortars with a wide range of w/c (0.30 to 0.45) and ages of 3 d to 365 d, along with the 0.50 paste that 

was dried after reaching 65 % hydration (as shown in Figure 3a). The results of these simulations appear 

to collapse reasonably close to the same line (n=5).  
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While these results indicate the potential that a single function may work for cementitious 

systems (with n equals approximately 4 from the limited experimental data), it should be noted that an 

exhaustive examination of all cement compositions, particle size distributions and degrees of hydration 

were not considered, as small changes in n may be observed. It is recommended that experiments be 

performed over a wide range of concrete mixture compositions to determine the best choice for this 

saturation coefficient. 

Correction for High Pore Solution Concentration on Drying 

The parameter  appearing in Eq. 4 approximates the influence of the water loss from the pore solution 

which increases concentration and conductivity (one example is due to drying). It was mentioned that 

equation 4 is a good first approximation for the pore solution conductivity; however, it does not account 

for the nonlinear relationship between conductivity and concentration that arises from ionic 

interactions. A more thorough expression can be developed based on the work of Snyder (2001). While 

the full derivation that is provided in Snyder (2001) was used in the analysis here, a simplified version is 

presented that produces nearly identical results where the conductivity of the solution is assumed to be 

proportional to the ionic strength IM (for species with valence z and molar concentration c):  

 [7] 

The expression developed by Snyder (2001) for approximating the conductivity of a concentrated 

solution required a correction parameter for each species.  Here, the assumption is that the composition 

of different concrete pore solutions are somewhat similar, so the expression in Snyder (2001) is 

modified by using a single parameter for the solution: 

 [8] 
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where G is the conductivity parameter (assumed to be approximately 0.4 (mol/L)-1/2 for a typical pore 

solution). Starting at saturation, as the specimen dries, the ionic strength is inversely proportional to the 

saturation (this is the same as increasing the concentration). The ratio of the pore solution conductivity 

to the initial pore solution conductivity is given in equation 9. The expression in equation 8 can be 

approximated by a power-law relationship where the degree of saturation is raised to a correction 

exponent, -1 where the value of  is a function of the pore solution ionic strength as shown in Figure 4. 

 [9] 

The parameter  represents the degree to which the pore solution conductivity is not inversely 

proportional to the water content.  It could be determined by experiment or calculation: extract the 

pore solution, measure the conductivity, add water, re-measure the conductivity, and fit data to ; 

or determine the ionic strength IM of the pore solution and use the right two terms in Eq. 9.  Combining 

equations 2, 3, and 9 yields a result for the ratio of the conductivity of drying concrete to saturated 

concrete accounting for the saturation coefficient and the concentration of the pore solution due to 

drying, where  is based on the ionic strength: 

  
[10] 

 

Therefore, once the value of  has been determined by either direct measurement of the pore fluid ionic 

strength (by elemental analysis) or by estimation based on the mixture design using the alkali content 

(i.e., the ionic strength), and assuming that n is known for a material or there exists a universal value of 

n for concrete, one can use equation 8 to estimate the change in a concrete conductivity due to changes 

in its degree of saturation.  

Example Application 1 - Comparing Sealed and Saturated Curing Conditions  
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To illustrate the need for a method that enables electrical conductivity measurements to be 

corrected based upon the degree of saturation in the concrete, the variation in conductivity was 

measured from a series of concrete cylinders that were cast along with a bridge deck, made with an 

ordinary portland cement concrete having a w/c of 0.39. These cylinders were demolded at 24 h and 

were stored for a year (DiBella et al. 2011). The concrete cylinders were conditioned in one of three 

ways after demolding. First, some samples were stored in limewater after demolding to simulate water 

curing. Second, other samples were sealed in a double layer of thermally sealed plastic bags. The 

samples that were sealed in bags were removed from the bags and tested in the sealed state. The 

degree of saturation for the concrete sealed in a bag after 1 year was measured to be 0.56, which 

corresponds to a relative humidity of approximately 85 % to 90 % (Li et al. 2012). Third, after initial 

testing, the sealed concrete samples were then cut to size for RCP testing and water saturated under 

vacuum in accordance with the ASTM C1202 procedures. Before conducting the 6 h measurement in 

ASTM C1202, the resistivity was measured using plates on either side of the concrete disk (52 mm tall by 

102 mm in diameter). At an age of 365 d, the measured conductivity of the concrete stored in limewater 

was 0.0143 S/m. In contrast, the sealed concrete conductivity was 0.0037 S/m, and after being 

resaturated, its conductivity was 0.0296 S/m, which is eight times greater than before resaturation.  

These values are shown in Figure 5. Therefore, the measured conductivity strongly depends on how the 

sample was cured and conditioned prior to testing. 

This sensitive dependence of conductivity on sample storage and preparation implies that there 

are at least two potential pitfalls when interpreting these kinds of measurements, both of which can 

cause an underestimation of the conductivity. First, if a conductivity measurement were made on a 

partially saturated sample, one could mistakenly believe that the material has a conductivity (diffusivity) 

that is nearly an order of magnitude lower than it actually is when saturated. The second pitfall is to 

neglect the effect of storage conditions. The concrete stored in lime water has approximately half the 
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conductivity of the concrete that was sealed during curing and saturated at the time of testing. 

Therefore, a sample stored in lime water in the laboratory would appear to have a lower conductivity 

than the same concrete that was sealed and saturated at the time of testing due to additional hydration 

that occurs in the sample stored in water (i.e., a sample in the field can be expected to behave like it is 

sealed if the curing/sealing compounds were working perfectly and this may different from the sample 

tested in the lab due to how the material has been cured).. 

A mortar similar to that used in the experiments shown in Figure 5 was modeled using the 

VCCTL (w/c = 0.39 and an aggregate volume of 55 %).  To do so, the effective conductivity both of the 

cement paste and of the interfacial transition zone (ITZ) region were first calculated as described earlier.  

Next, the paste conductivity was used as input to a differential effective medium theory calculation 

(Garboczi and Berryman (2000)), along with the aggregate volume fraction, grading, and mean ITZ 

thickness, to calculate the effective conductivity of the mortar.  This approach yields effective mortar 

conductivities that are usually within 10 % of the value predicted by more accurate random walk 

simulations on the same structure (Garboczi and Berryman (2000)).  However, the simulation should not 

be compared directly to the field concrete since it was performed on mortar and did not include 

entrained air. The simulation is still helpful, however, since it can provide some useful insights regarding 

trends and for interpreting the results as a function of their curing conditions and the saturation 

function. The simulated normalized conductivity obtained using the VCCTL is 0.00047 for the lime water 

saturated specimen, 0.000266 for the sealed specimen, and 0.00134 for the sealed sample that was 

resaturated. The conductivity of the pore solution was estimated using an equivalent sodium content of 

0.67 (http://concrete.nist.gov/poresolncalc.html; Bentz (2007)) with a resulting pore solution 

conductivity between 12.4 S/m and 14.9 S/m. These estimated mortar conductivities are also shown in 

Figure 5.  
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In comparing the sample that was continuously stored in lime water with the sample that was 

sealed and saturated at each age, the overall conductivity of the continually saturated sample is lower, 

presumably due to the differences in the extent of hydration. The experiments also likely show the 

influence of leaching OH, K and Na ions. Figure 6a shows the simulated degree of hydration as a function 

of time as obtained from the VCCTL simulations. As one may expect, the system that is saturated has a 

higher degree of hydration (87 % at one year) than a system that is simply sealed cured (75 % at one 

year) (Bentz and Stutzman 2006). In this particular experiment, the lime-water cured sample will have a 

lower porosity (albeit a relatively small decrease from 38 % of the paste volume fraction to 36 % of the 

paste volume fraction). It should be noted, however, that this small reduction in porosity is actually a 

relatively large reduction in the fraction of the capillary porosity. For the mixtures being discussed, 

nearly 65 % of this porosity at this degree of hydration is gel porosity. Figure 6b illustrates the degree of 

saturation in the simulated mortars. While the saturated sample from the simulation remains at 100 % 

saturation, the sealed sample has a degree of saturation that progressively decreases to approximately 

81% at an age of 1 year. It should be noted that the VCCTL simulation did not include entrained air which 

would comprise approximately 20 % of the paste volume for this mixture. If the degree of saturation for 

the concrete sample is adjusted to account for entrained air (i.e., the air is added to the VCCTL 

simulation as additional porosity of the system), the degree of saturation of the concrete cylinder is 

more similar to that of the simulation (approx. 0.76 vs. 0.81). 

The normalized conductivity for the simulated mortar is plotted as a function of time in Figure 

7a. This is similar to results previously shown by Bentz (1998). It can be noticed that the samples have a 

similar conductivity at early ages as one may expect; however over time substantial differences in 

conductivity begin to develop. To better illustrate the influence of the degree of hydration on the 

resulting pore structure, the normalized conductivity is plotted in terms of total pore volume in Figure 

7b. Figure 7b shows that a single curve begins to appear that describes the specimens with water 
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(saturated) curing and the samples with sealed curing when they are tested in a saturated state. This 

again confirms that the ‘formation factor’ (a normalized conductivity/pore solution conductivity) is a 

material property that varies with degree of hydration (or pore volume) for the saturated system. The 

primary difference between the samples cured under lime water and the samples that were sealed and 

resaturated is that the samples that are cured under lime water exhibit more hydration, thereby 

achieving a lower porosity and a lower normalized conductivity than the sealed/resaturated sample at 

the same age (Figure 7b). Again, this is consistent with the experimental observations.  

The results from Example Application 1 show that while the electrical conductivity may be a 

simple property to measure, it can be significantly influenced by curing conditions (sealed versus lime 

water saturated) and sample preparation (testing the sealed sample versus testing the sealed sample 

that was resaturated).  

Example Application 2 - Measurements Made on Samples Exposed to Drying  

In addition to using electrical property measurements on quality control samples, several 

researchers have measured electrical properties in concrete systems exposed to drying or wetting 

(Schie l 1999, Weiss et al 1999, 1999b, Sellevold 2000, Andrade et al. 2011). While the drying process 

takes place over a long time period and may set up moisture gradients inside of the concrete (Weiss et 

al. 1999 and Rajabipour et al. 2005), moisture gradients are not considered here. The saturation 

approach may be useful in estimating the response of a concrete equilibrated to different levels of 

drying.  

Figure 8 illustrates equation 8 plotted as a function of relative humidity (RH) for a series of 

concretes with a w/c of 0.4 that were allowed to dry for nearly a year (Weiss et al. 1999). The equation 

with a saturation coefficient of n = 4 provides a reasonable shape response at higher humidities, but this 

relationship begins to break down for RH less than approximately 60 %. At these lower relative 
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humidities, the saturation function is low (approximately 0.1) and the capillary pore water is likely lost, 

suggesting that the main conduction pathway likely changes from the large capillary pore network to the 

gel pores or along the walls of the capillary pores. If this is true, the breakdown of the relation valid at 

higher RH is not surprising.   

The data for samples with a w/c of 0.4 and having no chemical admixtures (Schiessl et al. 1999) 

were compared with equation 8 and a saturation coefficient of 3.9 was obtained for concrete with a w/c 

of 0.4 for data at relative humidities greater than 60 %. A similar assessment of the data reported by 

Andrade et al. (2011) would be consistent with saturation coefficients that are approximately 3.5. These 

coefficients are similar to those observed from the numerical simulations reported in Figures 3 and 4 

and from the plain pastes in Figure 1. This suggests that this approach may be applicable to drying 

samples. Figure 8b illustrates the desorption isotherm to relate relative humidity and the degree of 

saturation. It also illustrates the saturation function (assuming two different values for the saturation 

coefficient (i.e., n = 4 and n = 5)). This illustrates that once the relative humidity drops below 65 % to 70 

% RH, the saturation function is very low. 

As such, it appears that it may be quite reasonable to design an experiment where the 

saturation coefficient is determined for a concrete mixture by measuring the conductivity of a sample 

with two different degrees of saturation (provided they are relatively high).  Equation 5 could then be 

fitted to determine the exponent for the particular mixture design used. For example, this could consist 

of measuring the conductivity of a sealed sample and then measuring the conductivity of the same 

sample after vacuum saturation. Assuming the mass of the sample is measured along with the electrical 

properties, the degree of saturation could be obtained by oven drying the sample after testing and 

measuring its oven-dried mass. This could then provide an estimate of n for each mixture. 
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A further illustration of this approach can be seen in Figure 9 where the surface resistivity was 

measured on mortar specimens exposed to drying at 50 +/- 2% relative humidity (1 in. (25 mm) square 

cross section and a 10.6 inch length (262.5 mm) (Bentz et al. 2012)). It can be noticed that despite the 

samples not being in equilibrium during the test (i.e., the samples were drying and likely continuing to 

hydrate slightly) a similar trend emerges for the saturation function. The mixture with a lower w/c 

would be expected to have a more uniform moisture content and follow the expected function a little 

more closely than the samples with a higher w/c that likely show some influence of the moisture 

gradients.  

Summary 

Tests that measure the electrical conductivity of concrete are sensitive to the degree of 

saturation of the concrete. This paper explores the potential for testing partially saturated concrete and 

correcting this data based on its measured degree of saturation to obtain the formation factor, which is 

a material property. This could have substantial impact when rapid field tests or embedded sensors are 

used to provide measures of properties related to durability performance. Similarly, this approach could 

be used to solve the equally important problem of converting measured transport coefficients for 

saturated concrete to values that would correspond to field conditions with a lower degree of 

saturation. 

This paper suggests that the general form of Archie’s Law can be written in a way that describes 

the electrical conductivity of partially saturated concrete, using a stand-alone saturation function. It 

appears that the saturation function can be written as the degree of saturation raised to an exponent 

called the saturation coefficient (n). A suggestion for the form of this equation is shown in equation 8 

which accounts for both drying effects and changes in the pore solution concentration and conductivity 

during drying. While the saturation coefficient varies from approximately 1.5 to 2.5 for many rocks 
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(shown in this paper for siltstone as 2), it is slightly higher for cement-based materials, ranging from 

approximately 3.5 to 5.5 for the limited data from experiments. Simulations made using the VCCTL show 

a coefficient of approximately 5; however these simulations also showed that the saturation coefficient 

exhibited little variation with changes in the degree of hydration or the water to cement ratio, over the 

ranges investigated. The use of a saturation value of 4 provided reasonable correlation with the limited 

experimental data for the plain portland cement-based systems described in this paper. 

The saturation function in equation 8 accounts for changes in pore solution, pore fluid volume 

and pore connectivity. The saturation function was used in two examples where the electrical properties 

were measured, the first being concrete exposed to sealed curing and the second being concretes and 

mortars exposed to drying. Future studies should be conducted to better understand the response of 

partially saturated concrete and to obtain experimental values for n for a wider range of concrete 

mixture compositions. When this work is performed, it would be helpful to describe the pore solution 

conductivity (or to report the sodium and potassium alkali contents of the cement), so that the role of 

pore solution concentration can be estimated. It would also be helpful to provide the degree of 

saturation of the concretes in addition to their measured internal relative humidity. 
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Figure 1: Experimentally measured saturation coefficients for siltsone and cementitious materials. 
(Containing data from Rajabipour 2006) 

Figure 2: Microstructural images developed using the VCCTL model for a mortar with a w/c of 0.42 and 
an aggregate volume of 55 % at a) 3 d and b) 365 d hydrated under saturated conditions. The phases are 
color-coded as follows: black = capillary porosity, brown = alite, light blue = belite, white = ferrite, beige 
= C-S-H gel, dark blue = CH, and green = ettringite and monosulfoaluminate combined. 

Figure 3: a) A Saturation Function Interpreted for VCCTL computer simulations b) Calculated saturation 
functions obtained from a series of simulated microstructures. The dashed curve corresponds to a 
saturation coefficient n=4 and the dotted and dashed line corresponds to a saturation coefficient n=5. 

Figure 4: A correction term ( ) to account for the ionic interactions in a pore solution, having an ionic 
strength IM when the sample is saturated, as it becomes more concentrated due to drying  

Figure 5: Measured electrical conductivity from RCP tests using a field concrete and simulated mortar 
with a w/c of 0.39 under different curing and sample conditioning (A maximum coefficient of variation 
of 3.2% was observed for the experiments)  

Figure 6: Mortar with a w/c of 0.39: a) Degree of hydration and b) Degree of saturation  
Figure 7: Normalized conductivity of mortar with a w/c of 0.39: a) as a function of time and b) as a 
function of the pore volume in the paste as computed using Powers’ model 

Figure 8: a) Normalized conductivity as a function of drying and b) rhe relationship between relative 
humidity and saturation for the data  

Figure 9: The application of the saturation function to mortar prisms during drying (the dashed line and 
dot-dash line denote a n-1+δ value of 3 and 4, respectively). 
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ABSTRACT 

 

The drying of cementitious materials is of interest in volume change (i.e., shrinkage) research.  However, the 

movement of water due to drying and wetting also plays a significant role in many durability related problems (e.g., 

corrosion, alkali silica reactivity, freezing and thawing).  Many factors can influence the drying and wetting process 

in concrete including: pore structure, environmental conditions, and liquid properties.  This paper describes the 

influence of the liquid properties on the drying process.  Specifically, this work examines the non-linear moisture 

diffusion coefficient that is used in a differential equation that describes drying.  This paper describes how the non-

linear moisture diffusion coefficient is influenced by the presence of deicing salts solutions. The relationship 

between the equilibrium relative humidity and the solution properties is also discussed in this paper.  A higher 

degree of saturation was observed for the samples containing deicing salt solutions, as compared to the plain 

samples at any given humidity.  The presence of deicing salt causes a shift of the non-linear moisture diffusion 

coefficient as a function of relative humidity.  The non-linear moisture diffusion coefficient curves have near zero 

rates of drying at low relative humidity with a rapid increase in drying rate as the relative humidity is increased 

(especially near the equilibrium relative humidity) followed by diffusion coefficient of 0 between RHeq and 100% 

RH.  

 

Keywords 

Diffusion process, drying process, salt, degree of saturation 

 

INTRODUCTION 

 

Understanding how water enters and leaves cementitious materials is of immense interest to the 

concrete community. Moisture diffusion is known to be related to the moisture content and pore 

size [4]. In addition, internal moisture profiles influence the rate of hydration, electrical 

properties, fluid transport, and many aspects of durability [3, 14, 21].  
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Numerous concrete pavements in the US have shown premature deterioration at joints. While 

several causes have been suggested to be responsible for the distress that develops, it is clear that 

the movement of moisture is an important aspect for several of these distress mechanisms 

including those associated with freeze/thaw and/or physical salt attack. For example, Li et al and 

others [10, 11] showed that freeze-thaw damage is related to the degree of saturation.  As such 

the wetting and drying of concrete may be of great importance in understanding joint durability, 

especially in the presence of deicing salts. Salts can also reduce the rate of fluid absorption when 

compared with water [18] as also altering the drying process resulting in a mass gain in some 

samples when they are placed in a drying environment. 

 

Although few have studied the influence of deicing salts on drying, deicing salts have been the 

subject of research over the years, with special attention to their influence on concrete 

degradation [19], on absorption [18], on hysteresis during drying and wetting [9,18], on 

freeze/thaw and salt solutions damage  [5,20] or crystallization pressure [16]. The influence of 

salts on evaporation processes has been studied for rocks [6,7], and it has been shown that the 

presence of salts modifies the desorption behavior of lightweight aggregate [8]. 

 

The response of the liquid in the pores can be visualized in Figure 1 as one moves from high 

relative humidity (on the right hand side of the image) to lower relatively humidity (on the left 

hand side of the image) for water (case “a” shown on top) and a salt solution (case “b” as shown 

in the center).  The drying process is generally considered to be a two stage process. The first 

stage (the constant rate period) consists in the evaporation of surface water (not shown), while 

the second stage (the falling rate period) consists of water leaving the pores [6,12,15]. It can be 

noticed that at saturation both the water and the salt solution contain completely filled the pore 

space.  Water does not leave the pores if the RH of the environment the sample is placed in 

remains above the equilibrium relative humidity (RHeq) (i.e., RH > RHeq) of the solution in the 

pores [6,18].  The RHeq of the salt solutions is lower than that of water which implies that the 

specimens containing salt solutions will remain saturated at lower relative humidities than the 

plain system [18].   As the liquid is drawn out of the pores a meniscus forms.  The meniscus is 

curved at the liquid-vapor interface as a result of the tension generated at the liquid-vapor 

interface [15]. The radius of the meniscus changes depending on both the external RH and the 

properties of the solution (Figure 1). It can be noticed that as the RH decreases (i.e., RH < RHeq) 

fluid leaves the pores.  After the water is lost only the solid salt will remain in the pores. 

 

The desorption spectra (water loss versus relative humidity) depends on the pore structure (in 

terms of size distribution, degree of connectivity or total volume of porosity) and the properties 

of the liquid. The properties of the liquid, usually identified through surface tension, density, 

viscosity and water activity (or equilibrium relative humidity) [7]. 
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Figure 1: Schematic of the drying process in a fictitious case of drying in a system containing 

pure water (Case a) and salt solution (Case b), assuming cylindrical meniscus and possible issue 

when crystals tap pores avoid the complete evaporation of the solution 

 

 

While the previous paragraphs provide a conceptual illustration of how different fluids will leave 

an idealized system with pores of different sizes during drying it is also important to consider 

how these effects can be considered numerically on the macro scale.  Toward this end this paper 

uses a differential equation that is formulated in terms of relative humidity (to avoid 

complications due to hydration that can exist if this is formulated in terms of water content) with 

a non-linear diffusion coefficient as developed by Bazant and Najjar [4] 

   

  
 

 

  
[      

   

  
] (1) 

where RH is the relative humidity (~), x is position from the surface (m), t is drying time (s) and 

Dh(RH) is the non-linear moisture diffusion coefficient.  It should be noted that this formulation 

does not consider the influence of self-desiccation which can occur in system with a low water to 

binder ratio however a term can be added to consider self-desiccation with a term on the right 

hand side of the equation that is typically related to the degree of hydration. Bazant and Najjar 

[4] developed a formulation for non-linear water diffusion coefficient (Dh(RH)) and this 

expression was extended by Xi et al. [22].  While the non-linear water diffusion coefficient is 

widely used, these expressions have been developed nearly exclusively for systems with 

conventional pore solution chemistries like those experienced in the majority of typical 

concretes. The non-linear water diffusion coefficient is discussed in more detail later in this 

paper.  The objective of this paper is to experimentally measure the influence of deicing salt 

solutions on drying of cementitious materials, specifically as it relates to the non-linear moisture 

diffusion coefficient.  
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EXPERIMENTAL DETAILS 

 

Mixture Proportions and Samples Preparation 

The mixture proportions of the mortar are presented in Table 1. This mortar represents the mortar 

fraction of a typical concrete pavement in the state of Indiana. 

 

Table 1: Mortar mixture proportions assuming 

saturated surface dry (SSD) conditions 

 Material Mass 

Cement [kg/m
3
] 609 

Water [kg/m
3
] 256 

Fine aggregates [kg/m
3
] 1418 

w/c 0.42 

 

The mixing process began by placing the fine aggregate in a Hobart mixer.  Water was then 

added to the mixture followed by cement. After all materials were placed in the mixer, they were 

mixed for 3 minutes, followed by a 3 minutes rest and a 2 minutes final mixing in accordance 

with [2]. 

 

For desorption analysis, mortar was cast in cylindrical molds (34 mm of diameter and 50 mm 

tall). The samples were sealed until they were demolded at 28 days. Thin slices of mortar (0.80 ± 

0.05 mm) were cut using a water cooled diamond tipped wafer cut saw and stored at 23° C ± 0.1° 

C and 50% ± 2% RH, in a CO2 free chamber. Prior to testing, samples were submerged for 24 

hours in aqueous solutions (water, 32% CaCl2, 30% MgCl2 and 23% NaCl) before they were 

tested. 

 

Experimental setup 

The non-linear moisture diffusion coefficient was calculated using a sorption isotherm measured 

using an automated sorption-desorption analyzer (TGA Q5000) where the samples have 

subjected to a constant temperature while the relative humidity was varied and the mass recorded 

as a function of time. The instrument is shown in Figure 2a. A flow of dry nitrogen is separated 

into two gas streams metered with two mass flow controllers in an insulated aluminum block. 

One of the gas streams is saturated with water vapor with a humidifier and is then mixed with the 

dry stream in different proportions so then an RH between 0% and 98% can be generated. The 

instrument is depicted in Figure 2b. 

 

From the slices submerged in the aqueous solutions, a 50 to 70 mg piece of sample was taken 

and placed in a tared quartz pan. The balance has an accuracy of ±0.1% over a dynamic range of 

100 mg. The relative humidity was then reduced in 10% RH or 5% RH steps to reach 8% RH.  

The sample was allowed to equilibrate for 12 hours or 0.001% (of initial mass of the sample) 
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change in mass over 15 min at each humidity. The sample was finally dried to 0% RH (pure dry 

nitrogen purge) to obtain the oven dry condition. 

 

Two different initial conditions were used (series I or II).  Series I began by placing the sample 

in a relative humidity chamber at 23.0 ± 0.01°C and 97.5 ± 1% RH for either 96 hours or until 

the sample had achieved a stable mass (less than an 0.001% mass change/15 min).  Series II 

began by placing the sample in a relative humidity chamber at 23.0 ± 0.01°C and at the 

equilibrium relative humidity for either 96 hours or until the sample had achieved a stable mass 

(less than an 0.001% mass change/15 min). The equilibrium RH was the water activity of the salt 

solution in which the samples were stored for 24 hours. 

 

 
 

(a) (b) 

Figure 2: (a) Automatic sorption/desorption analyzer used in this study, (b) Schematic of the 

instrument 

 

EXPERIMENTAL RESULTS 

 

Influence of salts on equilibrium relative humidity 

Salt solutions can alter transport in cementitious materials. A thermodynamic model has been 

proposed [6] to describe the influence of the properties of the solution and of the pore structure 

on the drying process. Benavente et al. [6] defines the Gibbs free energy ΔG for the 

condensation-evaporation reaction as in Equation (2): 

        (
  

     
)  

    
 

 
     (2) 

Mass Flow

Controller

Mass Flow

Controller

RH
Sensor

Balance

RH
sensor

Reference

Chamber

Sample

Chamber

Dry Nitrogen

supply

HUMIDIFIER
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where R is the universal gas constant (8.314 N·m/K·mol), T is the temperature (K), aw is the 

water activity of the solution (-), RHenv is the environmental relative humidity (-), σ is the surface 

tension (N/m),   
  is the molar volume of the liquid (m

3
/mol), r is the pore radius (m) and Φ is 

the contact angle (deg) which is assumed to be zero [17]. The first term is a measure of the 

energy of the liquid in a specific environment. The second term involves the properties of the 

porous media. Equation (2) is derived from the Kelvin-Laplace equation and represents the 

variation of the saturated vapor pressure with pores size. Imposing the equilibrium of the system 

(ΔG = 0), a critical relative humidity can be obtained for a salt solution with a given pore size. 

The boundary between evaporation and condensation (or absorption) can be obtained by 

rearranging Equation (2) into Equation (3): 

             
    

 

   
    

 (3) 

If the environmental relative humidity is lower than RHeq evaporation occurs and the pore will 

empty, meanwhile if the environmental relative humidity is higher than the critical value of pore 

size it will remain full (Figure 1). 

 

   
  

Figure 3: Equilibrium relative humidity as 

function of the pore radius for different 

aqueous solutions 

Figure 4: Pore size distribution for 0.42 w/c 

mortar sample using water vapor desorption 

 

The equilibrium relative humidity (RHeq) was determined using the experimentally measured 

surface tension [18].  Solution properties are shown in Table 2. The solution properties (i.e., 

water activities) were determined from experiments assuming a very large pore size.  The results 

are presented in Figure 3 where the equilibrium relative humidity is presented as function of the 

pore radius (performed using equation 3).  All calculation has been done considering the 
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temperature at 23 °C and contact angle equal to 0°.  It is interesting to note for example pores 

with a 100 nm meniscus are full at 52% relative humidity for 30% MgCl2 while at the same 

humidity the larges pore that is full with only water has a radius that is between 1 and 2 nm.   In 

Figure 4 is also presented the pore size distribution of the mortar used in this study and evaluated 

through a desorption analysis of a sample saturated in deionized water.  Figure 4 illustrates that 

nearly 70% of the pore volume consists of pores with a radius between 1 and 100 nm. As a 

result, it is clear that the salt concentration can dramatically alter the degree of saturation. 
 

Table 2: Properties of different salt solutions evaluated experimentally 

  

Surface Tension 

(N/m) 

Molar Volume 

(m
3
/mol) 

Experimental 

Water 

Activity (-) 

16% CaCl2 0.076 2.51E-05 0.85 

32% CaCl2 0.083 3.22E-05 0.40 

15% MgCl2 0.074 2.28E-05 0.87 

30% MgCl2 0.075 2.77E-05 0.49 

17% NaCl 0.076 1.78E-05 0.87 

23% NaCl 0.078 1.77E-05 0.80 

Water 0.073 1.71E-05 0.99 

 

Influence of salts on desorption response 

Figure 5 shows a plot of mass change for mortar samples that were submerged in salt solution 

and then placed in the desorption testing device. Two different behaviors were observed 

depending on how the sample was tested (i.e., series I or series II). For series I, the desorption 

response is evaluated by initially holding the sample at a relative humidity of 98% (which is 

higher than the RHeq of the salt solution) before drying was initiated.  A typical sample from 

series I can be seen in Figure 5a.  An initial gain is observed for the sample in series I due to the 

hygroscopic effect of salt.  This increase in mass can be quite dramatic (over a 70% increase in 

mass as shown in Figure 5a).  Obviously the change in mass cannot be due to water absorption in 

the sample due to its magnitude.  This mass increase appears to be related to water absorption on 

the sample.  It is also interesting to note that the sample appears to ‘break into smaller pieces’ 

creating more surface area. Once the relative humidity is decreased the mass decreases.  The 

samples in series II are conditioned differently.  Instead of starting at a high humidity (e.g., 

98%), the samples in series II were equilibrated at a relative humidity that was intended to be 

equal to the equilibrium relative humidity (RHeq) of the salt solution the sample used to 

condition the samples.  It can be noted that when this was done the mass of the sample did not 

increase and only small fluctuation in terms of mass can be expected before the drying process 

starts. The behavior expected is presented in Figure 5b.  Unlike the samples from Series I that 

broke apart during testing the samples in Series II remained intact throughout the test.  As a 

result, series II appeared more appropriate and was used for the testing reported later in this 

paper. 
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(a) (b) 

 

Figure 5: Desorption response of mortar samples containing salt solution: (a) Series I where the 

sample (32% CaCl2) was initially equilibrated at 98% RH; (b) Series II where the sample (16% 

CaCl2) was equilibrated at 85% RH which was equation to RHeq  (i.e., 85%) 

 

 

Figure 6 illustrates the influence of salt presence on the desorption responses.  Figure 6a is a 

conceptual illustration of the pore volume that is occupied by water at a given relative humidity.  

Two systems are shown: a plain system that contains water in the pores and a system containing 

a salt solution. While the system with plain water illustrates a behavior that follows the typical 

desorption response, the sample with salt solution shows that the pores will be saturated at high 

RH values.  Once the RH decreases to RHeq water starts to leave the pore system.  This continues 

until the RH reaches a value of zero which also differs from the plain system in that a volume of 

salt is left in the pores.   Figure 6b shows the mass loss for a system containing water and a 

system containing different salt solutions.  It can be noticed that for low salt solutions the 

behavior does not vary significantly; however, for higher salt concentrations less water is lost 

during the evaporation process when salt is present in the system.  Figure 5b illustrates that the 

water does not begin to evaporate until the RH decreases below the RHeq. 
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                                     (a)                                                                       (b) 

Figure 6: Desorption Response of calcium chloride, magnesium chloride and pure water. Vertical 

lines represent the water activity of 32% CaCl2 (dotted line) and 30% MgCl2 (continuous line) 

 

 

Influence of salts on diffusivity 

The desorption data can be used to determine the diffusion coefficient as a function of relative 

humidity (actually each range of relative humidities tested) by assuming the mortar samples are 

slab samples drying from the two flat faces [1,13]. The calculation has been done using Equation 

(4) that enables a diffusion coefficient Dw (m
2
/s) to be determined for a given relative humidity 

range: 

   
   

  
[

 

 √ 
(

  

   
)]

 

 
(4) 

where L is the sample’s thickness (m), Δm is the mass change (g) at time t (s), Δm the mass 

change at equilibrium (g) and     √     represents the variation with respect to the square root 

of time. In the diffusivity calculation the mass change was evaluated considering the linear range 

10% to 30% of the total mass change in each RH step [1].  

 

The calculated diffusion coefficients shown in Equation 4 were determined with respect to the 

mass of water or moisture content.  Therefore the diffusion coefficient from equation 4 was 

multiplied by the slope of the sorption isotherm (moisture capacity) to obtain the diffusion 

coefficient with respect to relative humidity [22].  The diffusion coefficients were plotted as a 

function of relative humidity and compared with a proposed formulation by Xi et al. [22]. This 

formulation considers the diffusion process to be a combination of molecular, Knudsen, and 

surface diffusion. The formula for the non-linear moisture diffusion coefficient Dh(RH) (non-

linear with relative humidity) can be written as Equation (5): 
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            [             
] (5) 

where αh, βh, and γh are coefficients. In particular: αh represents asymptotic diffusion coefficient 

at low humidity level, βh/2 is difference in the diffusion coefficient between low and high 

relative humidities.  The γh factor is related to the shape of the diffusion coefficient (Figure 7). 

 
Figure 7: Graphical representation of Equation (5) after Xi et al. [22] 

 

 

This model was applied to the experimental results and the parameters for each sample were 

evaluated. In Figure 8 the diffusion coefficients are shown for each range of relative humidity. It 

is apparent that in presence of salt there is a substantial shift of the diffusion coefficient-RH 

curve towards lower values of humidity that increases with salts concentration. The vertical 

straight lines represent the equilibrium relative humidities (or water activities) evaluated 

experimentally.   

 

Equation (6) was modified as shown to account for the change in RHeq that occurs for each salt. 

                                       

                                         [                
] 

(6) 

The curve was fit using a least-squares method to determine the fitting parameters.  The best fit-

parameters from Equation (6) are presented in Table 3.  
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(a) (b) 

 

 
(c) 

 

Figure 8: Diffusion coefficient versus relative humidity for (a) Magnesium 

Chloride solutions, (b) Calcium Chloride solutions and (c) Sodium Chloride 

solutions 

 

A few trends can be observed when a reference is submerged in tap water as well as salt 

solutions of varying concentration.  The diffusion coefficient at low relative humidity (αh) tends 

to increase as the concentration of salt increases.  This may be due to the salt competing with 

absorption on the pore walls for the low relative humidity levels. Conversely, the diffusion 

coefficient at the high relative humidities (βh) decreases with increasing salt concentration. 

Finally, the shape of the effective diffusivity curve becomes steeper when the salt concentration 

increases; accordingly the γh coefficient increases. 
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Table 3: Fit-parameters for diffusion coefficients for samples containing 

different salt solutions 

  
αh  (m

2
/s) βh (m

2
/s) γh (-) R2 

Salts 

solutions in 

pores 

Tap water 0.0108 1.9814 2.1003 0.9956 

MgCl2  -  15% 0.0444 2.3737 3.9007 0.9869 

MgCl2  -  30% 0.1545 1.0131 5.4038 0.9829 

CaCl2 - 0.96% 0.0018 3.9595 2.2765 0.9637 

CaCl2  -  16% 0.0359 2.7580 2.7060 0.9971 

CaCl2  -  32% 0.1968 1.6797 9.8892 1 

NaCl  -  17% 0.0992 4.3585 2.7011 0.9987 

 

 

CONCLUSIONS 

 

This study investigated the influence of absorbed deicing salt solutions on the drying of 

cementitious materials.  The main findings of this experimental investigation are: 

 The presence of deicing salts changes the properties of the solution in the pores. Most 

notably the equilibrium relative humidity, viscosity (mentioned in [18]), and surface 

tension change when deicing salt is absorbed into the concrete.  A thermodynamic model 

was used to relate the properties of the fluid to the equilibrium relative humidity and pore 

structure. The equilibrium relative humidity decreased with salt concentration. 

 Desorption analysis confirms the increase in the degree of saturation of the material in 

presence of salts. This effect was shown to be function of the salt composition and of the 

concentration of the solution. 

 The non-linear moisture diffusion coefficient (Dh(H)) was evaluated. The experimental 

data was able to be fitted using the model proposed by Xi et al. [22].  The diffusivity 

versus relative humidity curves tend to shift to lower RH values and to cover a narrower 

range of humidities starting from the equilibrium relative humidity. 

 The results are in agreement with observations in [18] that illustrate that samples with 

high concentrations of salt do not show a reduction in sample mass until the RH 

decreases below RHeq.  In fact, samples may gain mass at high RH due to the 

hygroscopic nature of the salt.  As a result, samples containing deicing salt solutions are 

likely to have a higher degree of saturation than samples without deicing salt solutions in 

practice. 

In conclusion, the results of this study show the importance of considering the properties of 

solutions when describing drying (i.e., in presence of salts or other chemical species).  
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ABSTRACT 
 

The gas transport properties of concrete can provide information that can be used in the 
prediction of the service life of concrete facilities. However, to interpret the transport 
properties properly, some corrections may be needed since the gas transport properties are 
known to be strongly related to the moisture content and the distribution of moisture in the 
concrete. This paper investigates the influence of deicing salts on the gas permeability and 
gas diffusivity of mortar.  Specifically, oxygen permeability and oxygen diffusion were 
examined for mortar samples that were initially saturated with different deicing salt solutions 
and then exposed to drying.  The deicing salt solutions were found to influence the degree of 
saturation and as such they influenced the gas transport properties. Mortar containing deicing 
salts had lower permeability and diffusivity due to higher degree of saturation, compared to 
samples saturated with pure water. These findings were further confirmed through the 
evaluation of the desorption spectra of samples saturated in aqueous solution containing salts. 
This study suggests that care must be taken when performing investigations using concrete 
that may have been previously exposed to deicing salts either in situ or when this concrete is 
taken back to the laboratory. 

 

Keywords.  Deicing salts, gas transport, degree of saturation, desorption 

 

INTRODUCTION 
 

A considerable portion of building materials research focuses on the study of the durability. 
In concrete research, a large portion of research has focused on developing transport tests that 
can be used for service life prediction. Specifically, gas permeability and gas diffusivity 
measurements have attracted the interest of the concrete community due to their quasi-non-
destructive nature, the short testing time that is required to perform the test (Kropp & Hilsdor, 
1995), and the high reproducibility of the results (Abbas et al., 1999). Moreover, several 
methods have been developed to measure in-situ the gas permeability of concrete (RILEM 
TC 189, 2007) (Figg, 1973) (Hong & Parrott, 1989) (Basheer et al., 2001) (Torrent, 1992). 
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The description of gas transport is complex and three distinct mechanisms are considered to 
occur simultaneously or independently.  These mechanisms include 1) free-molecule or 
Knudsen diffusion, 2) molecular or ordinary diffusion and 3) surface diffusion (Sercombe et 
al., 2007). Each mechanism is not completely understood but there is some evidence that it is 
greatly affected by total pressure, temperature, type of gas considered and properties of pore 
structure available to gas, in terms of pores size and pores connectivity (Sercombe et al., 
2007), (Houst & Wittmann, 1994). 

In the literature many studies have focused on the analysis of the parameters that influence 
gas transport and gas transport testing. It has been shown that porosity and tortuosity can 
greatly influence the gas permeability and diffusivity measurements (Wong et al., 2006), 
(Wong et al., 2009). From the idealized gas theory, gas permeability varies with pore 
diameter squared (Dullien, 1992) while gas diffusivity in large pores is independent of the 
pore size (Mason & Malinauskas, 1983) (Garboczi, 1990).  It is important to note however 
that this depends on both the total porosity and the vapor filled porosity. This points to the 
fact that the gas transport properties are strongly dependent on the amount of moisture and on 
its distribution inside the concrete element (Abbas et al., 1999) (Houst & Wittmann, 1994). 
For specimens with a higher moisture content, the thickness of the layer of moisture that 
covers the pores walls increases (Hagymassy et al., 1969) (Badmann et al., 1981) causing the 
decrease of the mean free path of gas molecules (Xi et al., 1994) and the reduction of gas 
transport (Abbas et al., 1999). It has been shown that a reduction in gas transport is 
considerable when the degree of saturation is greater than 60% since the pores relevant for 
transport process are increasingly filled as the degree of saturation increases (Parrott, 1994) 
(Ollivier et al., 1995).  

Many concrete structures are exposed to salts due to either a marine environment or the 
application of deicing salts to pavements (Spragg et al., 2011), bridge decks (Wallbank, 
1989), or parking lots.  The presence of deicing salt is known to influence the durability 
performance of concrete structures. Evidence of salt deterioration has been reported in 
masonry structures (Lubelli et al., 2004), building stones (Birginie et al., 2000), coastal 
structures (Berke & Hicks, 1991) and concrete elements (Sutter et al., 2006).  

Several mechanisms may be associated with deicing salt damage including pressure that 
develops due to osmosis, crystallization, intermediate compounds, or the increase of the risk 
of frost damage due to the increase in the degree of saturation (Litvan, 1976), (Li et al., 2012) 
(Scherer, 1999) (Scherer December 2011, Personal Communication). Salts are also 
responsible of chemical interaction within the concrete, resulting in leaching and 
decomposition of the hydrated cement products, accelerated concrete carbonation, or alkali-
silica reaction (Wang et al., 2006) (Rangaraju et al., 2005). This paper will focus on the 
potential influence of deicing salts on the gas transport properties.   

The effect of salts on gas transport properties has been studied for rocks (Peysson et al., 
2011) (Birginie et al., 2000) (Giorgis et al., 2007). However, very few studies can be found 
that investigate the influence of salt on gas transport for concrete.  One study was found 
where salt saturated concretes were preferentially used to help the concrete for use in 
transuranic waste repository (Pfeifle & Hansen, 1995) (Davies, 1991).  

The presence of deicing salts alters gas transport due to two primary reasons.  First, the salts 
can change the moisture content (degree of saturation) and moisture distribution in the pore 
structure of the cementitious system. It is known that deicing salts change the density, 
viscosity, surface tension, and water activity of the solution (Spragg et al., 2011). Salts 
change the drying process (Villani et al., 2012) and alter the equilibrium relative humidity of 
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the pore solutions (Benavente et al., 2003) (Villani et al., 2012). Consequently, samples 
containing deicing salt are likely to have a higher degree of saturation when compared with a 
sample containing water at the same relative humidity (Villani et al., 2012) (Castro et al., 
2011) (Litvan, 1976).  Since the degree of saturation is higher in systems containing salts, a 
lower gas permeability/diffusivity can be expected (Abbas et al., 1999).  Second, the salt can 
precipitate in the pores (Scherer, 1999). In cementitious systems that initially contain salt 
solutions, it is known that when the water evaporates the solution becomes more 
concentrated. The concentration gradient generated causes the salt to begin to diffuse in the 
concrete, tending to homogenize the salt profile (Scherer, 2003). If however the convective 
flow is much higher compared to the diffusive flow (Peysson et al., 2011), the system will 
results in non-homogeneous salts distribution.  Non-linear slat distributions can also develop 
if the sample has a moisture gradient before the deicing salt is introduced. 

This paper investigates the influence of deicing salts on gas permeability and gas diffusivity 
measurements on mortar samples. The effect of moisture content (degree of saturation) and 
salt precipitation on gas permeability and diffusivity will be investigated.  
 

MATERIALS AND SAMPLES PREPARATION 
 

Gas permeability, gas diffusivity and desorption tests were performed using mortar. The 
mortar had a water-to-cement ratio of 0.42 with 55% aggregate by volume. The mixing 
procedure was in accordance with ASTM C 192. 

For gas permeability and gas diffusivity, cylindrical samples (diameter of 102 mm (4 in.) and 
length of 204 mm (8 in.)) were prepared. The samples were demolded at an age of 24-hours 
and then sealed in double plastic bags for approximately 12 months.  The cylinders were then 
cored using a 68 ± 2 mm diameter bit.  The samples were then cut using a wet saw to obtain 
samples with a height of 25 ± 2 mm (1 in.) for oxygen permeability measurements. For 
oxygen diffusivity measurements larger samples were used.  The oxygen diffusion samples 
were obtained from 102 by 204 mm cylinders (4x8 in.) using a wet saw to obtain samples 
with 102 mm (4 in.) of diameter and 50 mm (2 in.) length.  

A total of 16 samples were prepared for oxygen permeability and 8 samples were prepared 
for oxygen diffusivity. Specimens were initially oven dried at 50° ± 0.5° C and 30% ± 1% 
RH until constant mass and subsequently submerged in four different aqueous solutions: 
deionized water, 16% calcium chloride (CaCl2), 15% magnesium chloride (MgCl2) and 
17.5% sodium chloride (NaCl). In each solution, four oxygen permeability samples and two 
oxygen diffusivity samples were placed and kept submerged until their mass reached the 
equilibrium (Δm < 0.2% within 7 days). The specimens were then conditioned in a 
temperature and humidity controlled chamber at 65%°±1% RH and at 23° ± 0.5° C until 
equilibrium (Δm < 0.1%).  

For desorption analysis, smaller cylinders (34 mm of diameter and 50 mm tall) were 
prepared. The samples were sealed after casting and remained sealed until demolding (at 28 
days). Thin slices of mortar (0.80 ± 0.05 mm) were cut from the cylinder using a water 
cooled diamond tipped wafer cut saw. The slices of material were stored at 23° C ± 0.1° C 
and 50% ± 2% RH, in a CO2 free chamber. Prior to testing, samples were submerged for 24 
hours in aqueous solutions (water, 16.0% calcium chloride CaCl2, 15.0% magnesium chloride 
MgCl2, and 17.5% sodium chloride NaCl) before they were tested. 
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TESTING METHODS AND ANALYSIS 
 

Oxygen Permeability  
The oxygen permeability has been measured using a falling head permeameter (Ballim, 1991) 
(Alexander et al., 1999), commonly known as the South African permeability apparatus. A 
picture of the South African test apparatus is shown in Figure 1. The South African test 
involves the measurement of a unidirectional flow of gas through the specimen due to the 
presence of a pressure gradient between the upper and the lower side of the sample. The 
bottom surface of the sample is in contact with the oxygen contained in the vessel at a known 
pressure, while the top surface is at the atmospheric pressure. The sides of the sample are 
sealed using a compressed rubber collar to insure unidirectional flow. The gas flow is 
quantified by monitoring the pressure drop with time, with the pressure of the initial time of 
100 kPa. The pressure is monitored for a 6 hours period (or until the pressure has decreased 
to a pressure of 50 kPa (Alexander et al., 1999)). 

The oxygen permeability (k) can be evaluated by combining D’Arcy’s law for the case of 
flow of compressible gas with the ideal gas law as shown in Equation (1) (Ballim, 1991): 

𝑘 =
𝜔 ∙ 𝑉 ∙ 𝑔 ∙ 𝑑
𝑅 ∙ 𝐴 ∙ 𝑇 ∙

1
𝑡 ∙ 𝑙𝑛

𝑃!
𝑃  (1) 

where	  ω is the molecular mass of oxygen (0.032 kg/mol), V is the volume of oxygen under 
pressure, which is precisely known from the instrument manufacturer (m3), g is the 
acceleration due to gravity (9.81 m2/s), R is the universal gas constant (8.314 N·m/K·mol), A 
is the cross sectional area of the sample (m2), d is the sample thickness (m) and T is the 
absolute temperature, 296.15° K (23±1° C). The term [(1/t)·ln(Po/P)] has been evaluated 
according to Alexander et al. (1999) considering a linear regression curve that is forced to 
pass through the origin of the ln(Po/P) versus t plot.  

 

 
 

Figure 1: Oxygen permeability – South 
African instrument 

 
 

Figure 2: Oxygen diffusivity test device 
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Oxygen Diffusivity Tests 
The oxygen diffusivity was measured using an instrument originally developed by Lawrence 
et al. (1984). 

The samples used for oxygen diffusivity testing are fitted in a silicon rubber ring that is 
compressed to provide a condition that insures unidirectional flow. The test is performed by 
exposing one surface of the disc to a stream of pure oxygen and the opposite face to a stream 
of pure nitrogen at the same pressure. The oxygen and nitrogen gasses counter diffuse 
through the sample and the oxygen concentration in the outlet cell is measured with a zirconia 
analyzer (Servomex 4100) at 0, 10, 20, 60 and 90 minutes as shown in Figure 2. 

 

To compute the oxygen diffusivity from the test it is assumed that oxygen is transported in 
concrete by ordinary and Knudsen diffusion (Schwiete et al., 1969). Equation (2) has been 
developed based on Fick’s law which enables an average diffusion coefficient (DN) as shown 
(Lawrence, 1984): 

 

𝐷! =
𝑅𝑇
𝑃
𝑄!"#/! ∙ 𝐿
𝐴 ∙ ∆𝐶 =

𝑄!!/! ∙ 𝐿
𝐴 ∙ ∆𝐶  (2) 

 

where Qmol/s or Qm3/s is the rate of oxygen diffusion at atmospheric pressure, either (mol/s) or 
(m3/s) respectively, L the thickness of the sample (m), A the cross section area of the sample 
(m2) and ΔC is change in concentration through the specimen (%). The change in 
concentration ΔC is evaluated considering the flow rate of oxygen and the flow rate of 
nitrogen, the pressure of the gas stream, and the initial and final concentration of oxygen. 

 

 

Desorption 
Desorption isotherms have been measured using an automated sorption/desorption analyzer 
(TA Q5000) where the samples have been subjected to drying at a constant temperature over 
a range of relative humidity. The relative humidity between 0% and 98.5% are generated by 
mixing dry and wet nitrogen streams. The schematic of the instrument is shown in Figure 3. 

The 50 to 70 mg samples were submerged in an aqueous solution before being placed in a 
tared quartz pan. The pan was then suspended in a relative humidity chamber to equilibrate at 
23.0 ± 0.1°C and at the equilibrium relative humidity for up to 96 hours or until the sample 
had achieved a stable mass (less than an 0.001% mass change/15 min). The equilibrium RH is 
the water activity of the deicing salt solution in which the samples were stored for 24 hours 
(85.0% for 16.0% calcium chloride solution (CaCl2), 87% for 15.0% magnesium chloride 
(MgCl2) solution and 87% for 17.5% sodium chloride solution (NaCl) (Spragg et al., 2011). 
The relative humidity was then reduced in 10% RH steps until 5% RH, allowing the sample 
to equilibrate (12 hours or 0.001% change in mass over 15 min) at each humidity. After that 
the sample was dried to 0% RH. 
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Figure 3: Schematic of automatic sorption/desorption analyzer 

 

RESULTS AND DISCUSSION 
 

Oxygen Permeability and Oxygen Diffusivity Results 
Oxygen permeability results are presented in Figure 4 while oxygen diffusivity results are 
shown in Figure 5. The error bars shown in Figure 4 and Figure 5 indicate the variability (in 
terms of standard deviation) between four samples for oxygen permeability and between two 
samples for oxygen diffusivity. The results shown in Figure 4 and in Figure 5 are presented as 
function of the degree of saturation in Figure 6 and in Figure 7. 

The degree of saturation (DOS) has been calculated by dividing the mass of solution (water 
or salt solution) present in the sample at the moment of the test, over the mass of solution at 
saturation. As a result, when a sample that contains a salt solution is completely dried (i.e., 
0% RH) the degree of saturation is not zero and this could be expected since salt will remain 
in the system and the difference is relate to the mass of the salt crystals. 

 

  

Figure 4: Oxygen permeability results Figure 5: Oxygen diffusivity results 
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Figure 6: Oxygen permeability versus 
degree of saturation (DOS) 

Figure 7: Oxygen diffusivity versus 
degree of saturation (DOS) 

 

Table 1: Oxygen permeability and oxygen diffusivity values and test parameters 

 
Oxygen Permeability Oxygen Diffusivity 

k  
(m/s) 

DN  
(m/s) 

Pressure 
(bar) 

Oxygen Flow 
rate (ml/min) 

16.0% CaCl2 7.42E-14 1.90E-09 1.0005 55 
15.0% MgCl2 8.85E-14 4.80E-09 1.0006 55 
17.5% NaCl 7.03E-14 1.55E-09 1.0005 55 

Water 1.12E-13 5.47E-09 1.0006 55 

 

It is apparent from Figures 4 to 7 that the presence of deicing salts increases the degree of 
saturation. As the degree of saturation increases a reduction is observed for the oxygen 
permeability and diffusivity. A sudden decrease in the case of oxygen diffusivity (Figure 7), 
can be seen when the DOS is higher than 60% since the main pores involved in gas transport 
are becoming filled and disconnected. This is in accordance to previous research results that 
related the degree of saturation with transport properties (Abbas et al., 1999). 

 

The difference in the magnitude of the decrease in the oxygen permeability compared to 
oxygen diffusivity is likely related to the different sensitivity that occurs between the two 
instruments.  Since it has been shown (Villani et al. - In preparation) that the oxygen 
diffusivity apparatus is more effective in capturing even small differences among materials, 
showing also higher repeatability. Moreover, the higher influence of pore size for oxygen 
permeability compared to oxygen diffusivity in large pores might have also affected the 
results. 
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The difference in DOS seen in the case of magnesium chloride may also be due to an 
alteration of the cement paste structure. Magnesium (Mg2+) and chloride (Cl-) ions tend to 
deplete calcium hydroxide (Ca(OH)2) forming magnesium hydroxide Mg(OH)2 and calcium 
chloride. (Sutter et al., 2006).  Further the magnesium may substitute for the calcium in 
calcium silicate hydrate.  It is however believed that for the samples tested in this study that 
this would have little impact. 

 

Influence of Deicing Salts on the Desorption of Samples 
The higher degree of saturation seen in Figure 6 and Figure 7 can be explained by the drying 
of mortar containing deicing salts. The drying behavior was examined using desorption tests 
conducted on mortar samples.  

The results presented in Figure 8 show the mass of solution (i.e., the mass of the salt and 
water) in the sample as function of relative humidity. It should be noted that the tests were 
initiated by equilibrating the sample at the equilibrium relative humidity of the solution to 
ensure that drying occurs at the beginning of the test (Villani et al., 2012).  

 

  

Figure 8: Desorption curves for 
mortar samples submerged in salt 
water solutions  

Figure 9: Mass change during each RH step 
for samples submerged in 16% calcium 
chloride and deionized water. Solid lines 
show the change in mass, while dashed lines 
show the RH steps. 

 

It can be seen that for a given relative humidity (RH) the amount of solution in the samples 
that contain salt is higher than it is for samples containing only water.  During drying, water 
evaporates from the solution while salts remain in the samples. Consequently, an increase in 
salt solution concentration occurs during drying as shown in Figure 10. The total amount of 
salt, with respect to the oven dry mass of the sample, corresponds to the point at 0% RH of 
the relative curve in Figure 8.  
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A slower drying process occurred when salts are present due primarily to the ionic interaction 
between solute (salts) and solvent (water) (Benavente et al., 2003). The ionic interaction 
reduces the water loss in a given time period, when compared to drying of samples containing 
only water. This behavior was noticed during the desorption analysis as samples containing 
salts showed an average equilibrium time (for each RH step) 2 to 5 times longer than the 
sample with only water (Figure 9). This change has been shown in the diffusion coefficient 
for a wider range of deicing salts and salt solutions  (Villani et al., 2012). 

 

 

Figure 10: Salt solution concentration as a function of drying 
 

The slower rate of drying that occurs when salts are present is also related to the change in 
the equilibrium relative humidity of the solutions  (Benavente et al., 2003) (Villani et al., 
2012). The reduction of the equilibrium relative humidity is a consequence of the change in 
the liquid properties in terms of surface tension, molecular volume and activity for solution 
containing salts compared to pure water. For a system initially saturated, the decrease in 
equilibrium relative humidity causes a delay in the initiation of drying (as RH is decreased) 
since the drying will start only when the external relative humidity is lower than the 
equilibrium relative humidity of the solution in which the sample was saturated. This is true 
assuming the same pore structure for the samples tested.  If the relative humidity is higher 
than the equilibrium relative humidity the sample may gain mass due to hygroscopic nature 
of salts (Koelhler et al., 2006)  (Spragg et al., 2011) (Villani et al., 2012). 

 
Salt distribution analysis 
As mentioned in the introduction, the decrease of gas permeability and diffusivity in presence 
of deicing salts might be due also to the salts precipitation in the pores during drying. To 
investigate this, chloride profiles were determined from samples previously used for oxygen 
diffusivity measurements. The samples were ground with a milling machine using diamond 
tipped drill bit and the powders was collected every 2 mm depth. The chloride content was 
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then measured using an automated titration procedure, which is a modification of AASHTO 
T260 (Di Bella et al., 2012). The results and the distribution of salts inside the sample are 
pictured in Figure 11.  

It should be mentioned that although the samples were totally submerged and all surfaces 
were exposed to solution, the analysis of chloride distribution has been done only in the 
direction of gas flow (along the height of the cylinder). The influence of lateral absorption is 
assumed constant for all depths. 

A similar trend in the chloride profile can be observed for the three salts. A higher salt 
concentration occurs in the first 15 mm and the inner core (20 mm) shows a uniform salt 
distribution. Since the samples have reached equilibrium while submerged in solution, we 
expect the solution have saturated the all sample and consequently the non-uniform 
distribution has been generated during drying (wicking action). A more uniform salt 
distribution could be expected if the samples, after drying, were sealed for months allowing 
moisture and salts redistribution. The conditioning process used in this study is however more 
representative of what happens in real concrete structures. 

 

 

Figure 11: Chloride Profiles in Oxygen Diffusivity Sample 

 

The reduction of porosity due to possible salts precipitation has been calculated. The 
following assumptions have been made.  First, during drying, only water is lost. We assume 
that the relative amount of salt (referred to the original concentration) precipitated.  Second, 
salt precipitation occurred primarily in the external layer (15 mm thick) where the chloride 
profiles show a gradient (Figure 11). 

The amount of salt precipitated msalt has been calculated using the following equation: 

𝑚!"#$ =   
𝐶

1− 𝐶 ∙𝑚!"#$% (3) 

where C is the initial concentration of the salts solutions where the samples have been 
submerged (-) and mwater is the amount of water evaporated during drying (g). 
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The results are presented in Table 2. The total porosity has been evaluated according to 
ASTM C642, substituting the boiling procedure suggested with vacuum saturation. The 
reduction in porosity ΔΦ has been evaluated dividing the volume occupied by salts 
(msalt/2⋅/ρs) over the total porosity on the 15 mm thick cylinder (Φ0⋅Vcyl-15). The densities used 
for the evaluation of the salts are referred to the solid state of salts. 
 

Table 2: Porosity Reduction due to Salt Precipitation 

 
msalt 

Density solid salt 
ρs 

Total Porosity 
Φ0 

Reduction in 
Porosity ΔΦ 

 
(g) (g/mm3) (%) (%) 

15.0% MgCl2 5.98 2.32E-03 20.3 4.2 
16.0% CaCl2 6.00 2.15E-03 20.3 5.8 
17.5% NaCl 3.36 2.16E-03 20.3 2.5 

 

It can be seen that the reduction in porosity (5% of the total porosity), even having assumed 
the worst conditions, is much smaller compared to the actual reduction in oxygen diffusivity 
seen (12% to 70% in presence of salts, with respect to water submerged samples). Some 
obstruction may occur at pore necks which could have a greater impact. 

It should be mentioned that magnesium chloride (MgCl2) showed a lower chloride content in 
the sample. This may be related to the slightly lower concentration of magnesium chloride 
solution (15.0%) when compared to the calcium chloride CaCl2 (16.0%) and sodium chloride 
NaCl (17.5%).  

 

CONCLUSIONS 
 

The influence of deicing salts on gas transport properties has been examined experimentally 
in the lab using mortar samples. Two factors have been observed to influence the gas 
transport properties in samples containing deicing salts.  The first factor is that deicing salts 
in solution may precipitate in the pores due to drying and therefore reduce the gas transport 
(i.e., occlude).  The second factor is that deicing salts in solution can increase the degree of 
saturation of the sample. 

The first factor has been demonstrated to be relatively small in our study (assuming a 
generally homogenous distribution of salt). As a result, it is assumed to have a small 
influence on the oxygen diffusivity. The decrease in the total porosity due to salt precipitation 
was found to be between 2% and 4%, which is small in comparison to the reduction of up to 
70% in oxygen diffusivity. It may be possible that the salt precipitates at the pores neck; 
however this has not been explored in depth. 

The second factor that is believed to be a primary cause for the reduction in gas permeability 
and diffusivity in the mortar samples is the higher degree of saturation in samples containing 
deicing solutions. The desorption isotherm of concrete containing deicing salt solution 
showed a considerable increase in the degree of saturation (DOS) when compared to system 
that contains pure water.  The results from the mortar samples indicated that deicing salts 
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influence the gas permeability and diffusivity of concrete.  The practical implications are that 
testing of field samples needs to carefully consider the conditioning history of the samples.   
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	Lead Agency FHWA or State DOT: INDOT - Indiana Department of Transportation
	Transportation Pooled Fund Program Project  ie SPR2XXX SPR3XXX or TPF5XXX: TPF - 5 (179)SPR 3280
	Quarter 1 January 1  March 31: 
	Quarter 2 April 1  June 30: 
	Quarter 3 July 1  September 30: Off
	Quarter 4 October 1  December 31: On
	Project Title: Evaluation of Test Methods for Permeability (Transport) and development of Performance Guidlines for Durability
	Name of Project Managers:  Tommy Nantung
	Phone Number:  (765) 463-1521 ext. 248
	EMail:  tnantung@indot.in.gov
	Lead Agency Project ID: INDOT 
	Other Project ID ie contract: 
	Project Start Date:  07/01/2008
	Original Project End Date: 06/30/2012 
	Current Project End Date:  12/31/2013
	Number of Extensions:  1
	On schedule: 
	On revised schedule: On
	Ahead of schedule: 
	Behind schedule: 
	Total Project BudgetRow1: $978,000.00
	Total Cost to Date for ProjectRow1: $723,039.32
	Percentage of Work Completed to DateRow1: 88%
	Total Project Expenses and Percentage This QuarterRow1: $37,881.05 (3.9%)
	Total Amount of Funds Expended This QuarterRow1: $37,881.05
	Total Percentage of Time Used to DateRow1: 82%
	Project Description: The primary purpose of this project is to develop a test procedure that directly evaluates the permeability (transportproperties) of concrete and relates these to anticipated field performance with the use of exposure conditions. Thisconsists of the following distinct objectives:• Evaluation of existing permeability (transport) test procedures.• Development of new, or improvement of existing test, procedures to evaluate permeability (transport) properties ofconcrete.• Correlation between permeability (transport) properties and measured material response to existing ‘durability’ tests.• Develop guidelines to relate permeability, exposure conditions, and field performance for use in specifications andquality control processes
	Progress this Quarter includes meetings work plan status contract status significant progress etc: Please see the report attached. It will be divided in the following sessions:Session 1: Purdue UniversitySession 2: Papers from this and previous quartersSession 3: NRMCA National Ready Mixed Concrete Association
	Anticipated work next quarter: Rapid conditioning study: A literature review has been conducted on existing conditioning methods for gas and liquid permeability. Many of the existing methods are mainly based on concrete strength or mass change and are time consuming. Alternative methodologies will be investigated in order to develop a flexible and rapid conditioning procedure is needed.  Specifically, a vacuum oven has been installed for this study.  The vacuum oven will be compared with a standard convection oven using a range of temperatures and relative humidities. The samples for the first cycle (50 C conditioning) have been prepared and the conditioning process will be initiated in the following week. The first results will be presented in the next quarterly progress report.Ruggedness testing of permeability tests:The first of a series of large concrete castings was completed. The focus of this study is to evaluate transport properties with several test methods for typical mixtures currently used for concrete bridges. The sensitivity of different testing techniques to changes in mixture proportions will be quantified. Other large castings are planned in the following months.Gas Transport Measurements:Additional testing will be performed using oxygen permeameter and oxygen diffusivity to better quantify the influence of moisture distribution and the pressure influence on gas transport measurements of mortar samples. This work is part of the study conducted at Purdue in collaboration with EMPA swiss laboratory. The complete write-up of the study is nearly complete will be presented in next quarter report.
	Significant Results: During the last quarter the following two items were documented in papers.Transport properties are known to be related to the moisture content and the distribution of moisture in the concrete. Many factors can influence the drying and wetting process in concrete including pore structure, environmental conditions, and liquid properties.  A study was conducted to describe the influence of the liquid properties on the drying process by analyzing the non-linear moisture diffusion coefficient in presence of deicing salts. It has been found that the presence of deicing salt causes a shift of the non-linear moisture diffusion coefficient as a function of relative humidity.  As a result, samples containing deicing salt solutions are likely to have a higher degree of saturation than samples without deicing salt solutions in practice. The related paper is attached.A study on the influence of deicing salts on gas transport of cementitious materials has been completed. Specifically, the influence of deicing salts on the gas permeability and gas diffusivity of mortar has been studied.  Mortar samples were initially saturated with different deicing salt solutions and then exposed to drying.  The deicing salt solutions were found to influence the degree of saturation and as such they influenced the gas transport properties. Mortar containing deicing salts had lower permeability and diffusivity due to higher degree of saturation, compared to samples saturated with pure water. These findings were further confirmed through the evaluation of the desorption spectra of samples saturated in aqueous solution containing salts. This study suggests that care must be taken when performing investigations using concrete that may have been previously exposed to deicing salts either in situ or when this concrete is taken back to the laboratory. The related paper is attached.Concerning the electrical resistivity measurements, a study was completed which investigates the influence of several parameters. The aim was to enlighten the potential of electrical tests and the areas where future research is needed so that robust standard test methods can be developed. In this paper, specifically, the influence of sample geometry, of temperature, of sample storage and conditioning was investigated and proved. Different commercially available testing devices were used to also investigate the influence of frequency on resistivity measurements.
	Circumstance affecting project or budget  Please describe any challenges encountered or anticipated that might affect the completion of the project within the time scope and fiscal constraints set forth in the agreement along with recommended solutions to those problems: 
	Potential Implementation: 


