Chapter 4

The Influence of Stray Current

on the Maturity Level of Cement-Based
Materials

A. Susanto, Dessi A. Koleva, and Klaas van Breugel

Abstract This work reports on the influence of stray current on the development of
mechanical and electrical properties of mortar specimens in sealed and water-
submerged conditions. In the absence of concentration gradients with external envi-
ronment (sealed conditions) or in their presence (submerged conditions), compressive
strength and electrical resistivity change due to: cement hydration alone; cement
hydration, affected by diffusion (including leaching-out); or cement hydration,
simultaneously influenced by diffusion and migration. The results are compared to
equally conditioned control specimens, where stray current was not involved.

In view of material properties development over time, the ageing factor in rele-
vant exposure conditions is addressed, considering reported approaches for its
determination. Through implementing existing methodology and based on experi-
mentally derived electrical resistivity values, the ageing factor for sealed conditions
was determined. The apparent diffusion coefficients were calculated based on age-
ing factors and reported relationships, reflecting the effect of stray current on matrix
diffusivity.

Two levels of electrical current density, 100 mA/m? and 1 A/m?, were employed
as a simulation of stray current to 28 days-cured mortar specimens with water-to-
cement ratio of 0.5 and 0.35. For the time interval of these tests of ca. 110 days, the
experimental results show the positive effect of stray current on mortar specimens
in sealed conditions and the negative effect for water-submerged conditions.

For sealed specimens, increase of compressive strength and electrical resistivity
were recorded, more pronounced for the higher current density level of 1 A/m?.

A. Susanto ()  D.A. Koleva ¢ K. van Breugel

Faculty of Civil Engineering and Geosciences, Delft University of Technology,
Section of Materials and Environment, Stevinweg 1, 2628 CN Delft, The Netherlands
e-mail: a.susanto @tudelft.nl

© Springer International Publishing AG 2017 57
L.E. Rendon Diaz Miron, D.A. Koleva (eds.), Concrete Durability,
DOI 10.1007/978-3-319-55463-1_4


mailto:a.susanto@tudelft.nl

58 A. Susanto et al.

This effect was irrespective of w/c ratio. Increased electrical resistivity and superior
performance overall, would determine improved material properties in terms of
reduced permeability and diffusivity of the matrix. The results show that for sealed
specimens in stray current conditions, the apparent diffusion coefficient was
reduced, the effect being more pronounced for the higher current density level of
1A/m?and (logically) for the lower w/c ratio of 0.35.

In contrast, for water-submerged mortar, a reversed trend of material behavior
was observed i.e. reduced mechanical and electrical properties were recorded to be
resulting from stray current flow.

Defining a threshold for a positive or negative stray current effect was not pos-
sible to be determined from this work. Higher current density levels in varying
external environment are necessary to be studied, in order to potentially define such
threshold. However, the results clearly show that stray current affects the develop-
ment of material properties of cement-based materials, an aspect that is rarely con-
sidered in the current practice.

Keywords Aging factor « Cement-based materials ¢ Electrical resistivity ® Stray
current

4.1 General Introduction

The aspects of concrete structures’ durability have always been a main concern for
the engineering practice. Numerous methods have been proposed to predict service
life and reliably foresee structures’ performance within their designed life span.
One of the important parameters, employed to predict service life, is the so-called
“aging factor.” The aging factor depends on variables such as the type of cement
used and the mix proportion, as well as environmental exposure conditions. All
these are further commonly used to predict concrete diffusivity, which is of great
significance with respect to durability-related properties of concrete and cement-
based materials overall.

Several approaches are known to determine the aging factor of cement-based
materials and link these outcomes with concrete diffusivity. Among these, common
techniques include natural diffusion tests and accelerated tests, involving the appli-
cation of electrical current (or voltage) [1-6]. Numerous studies report on different
methods for determining concrete diffusivity and chloride transport in cement-
based materials [1-10]. Some of these focus on the relationship between nonsteady
state diffusion, nonsteady state migration, and steady-state migration tests, referring
to test setup as specified in NT Build 443, NT Build 492, and NT Build 355 [5, 7-9].
Other approaches link electrical properties and maturity levels of cement-based
materials with diffusivity and aging factors, respectively [11-15].

Determination of water and chloride ions transport in porous medium as con-
crete, properties as diffusivity, electrical resistivity, maturity, etc., are directly linked
to durability, service life, and the aging factor, respectively, of cement-based materi-
als. The transport of fluids and ionic species occurs according to four transport
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mechanisms such as diffusion due to a concentration gradient, migration due to an
electrical potential gradient, permeation due to a pressure gradient, and absorption
due to capillary action [6, 16, 17]. These mechanisms are strongly related to and
determine the microstructural properties of cement-based materials. Microstructural
properties, in turn, determine the global performance of cement-based structures.
However, cement-based microstructure development, as governed by cement hydra-
tion, would be affected by the abovementioned transport mechanisms, which will
progress with various rates if migration i.e. electrical current is involved. Therefore,
it is important to clearly differentiate the effect of migration in conditions where ion
and water transport are limited to the internal pore water only, from these, where
transport mechanisms are largely depended on environmental exposure and condi-
tions. In this work, global performance and properties of sealed and water sub-
merged mortar specimens (compressive strength and electrical resistivity) were
derived in rest (control) conditions and in conditions of applied electrical field (stray
current). The objective was to clearly differentiate material properties development
due to cement hydration only from properties development, additionally affected by
altered diffusion and migration, as within stray current conditions. The technical
background in the following section summarises the relevant state-of-the-art on
main points for material properties evaluation, together with analytical models for
deriving parameters of interest (e.g. ageing factor and apparent diffusion coeffi-
cients), linking these to the results and discussion in this work.

4.2 Technical Background

4.2.1 Transport Mechanisms and Diffusion Coefficients
4.2.1.1 Diffusion Tests

The natural diffusion test is commonly used to simulate the natural process of
chloride transport in concrete as a porous medium. The method is based on diffu-
sion cell tests and immersion tests, employing chloride concentration simulating
sea water, i.e., approximately 3.5 wt% [6]. The immersion tests are essentially an
immersion of the specimens in a solution, containing a constant chloride concen-
tration. The chloride penetration over time is recorded by grinding the specimen
and analyzing the chloride concentration in a direction from the exposed surface
towards the bulk material. The result is obtaining a chloride profile after a certain
time of immersion. Next, the apparent chloride diffusion coefficient is determined
by curve-fitting of the measured chloride profile to the error function in the analyti-
cal solution of Flick’s second law (Eq. 4.1). The results strongly depend on the
immersion period and the chloride concentration in the external bulk solution [6].
In contrast, for the diffusion cell test following NT BUILD 443 [7], where relevant
considerations and experimental setup are described in detail, a water-saturated
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concrete specimen is exposed on one plane surface only to sodium chloride
solution (chloride concentration in the range of 3-20%). The chloride content of
the cement-based matrix at certain exposure time-intervals is determined within
thin layers, ground off in parallel to the exposed face of the specimen. According
to NT BUILD 443, the diffusion coefficient can be calculated as follows:

C(x,t)=C5—(CS—Ci).erf[ al J @.1)

J4.D,.t

where C(x,?) is the chloride concentration, measured at the depth x at exposure time
t (mass %), C; is the boundary condition at the exposed surface (mass %), C; is the
initial chloride concentration measured on the concrete slice boundary condition at
the exposed surface (mass %), x is the depth below the exposed surface (m), D, is
the effective chloride diffusion coefficient (m?/s), ¢ is the exposure time, and erf is
the standard error function that can be expressed as below:

0
erf(z) = %jexp(—yz)dy 4.2)

Except the above considerations on determining chloride diffusion coefficients
and concrete diffusivity, respectively, the application of chloride diffusion tests has
also been reported as an aging factor determination approach [1, 10, 18]. The main
aspects of this approach are as follows: Fick’s second law (Eq. 4.1) is commonly
used to calculate chloride profiles at a certain depth and time. In order to predict
service life of concrete structures, the effective chloride diffusion coefficient (D,) in
Eq. (4.1) is modified and governed by the following equation [10, 19]:

D(1)=D, [Lj (4.3)

where D, is the chloride diffusion coefficient at the reference time ¢, (usually 28
days age), n is the aging factor (0 < n < 1), and ¢ is the age of concrete.

4.2.1.2 Migration Tests

Since natural diffusion is a very slow process, accelerated diffusion test methods are
also used, e.g., the rapid chloride migration (RCM) test where chloride ions migra-
tion, as a predominant transport mechanism due to the applied voltage in the RCM
cell, is in parallel with diffusion of chloride ions (details of the RCM tests are as
described in [1, 10] and not subject to elaboration here). Similarly to diffusion tests,
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the outcomes for concrete diffusivity and diffusion coefficients derived from
migration tests can be employed to determine the aging factor for the tested con-
crete specimens. This approach employs the Nernst-Einstein equation, according to
which the chloride diffusion coefficient for a porous material (as concrete) is
inversely proportional to the electrical resistivity of this material [20]:

. t
K win k=B (4.4)

D
P 2y

cl

where D, is the diffusivity for chloride ions, R is the gas constant, 7 is the absolute
temperature, z is the ionic valence, F is the Faraday constant, ¢ is the transfer num-
ber of the chloride ions, y; is the activity coefficient for chloride ions, c; is the chlo-
ride ions concentration in the pore water, and p is the electrical resistivity.

Determination of the aging factor via records of electrical resistivity develop-
ment of cement-based materials (discussed further below), using the above approach
has also been reported [17-19]. Following Eqs. (4.2) and (4.3), mathematical
expression similar to Eq. (4.3) can be obtained, but already introducing the aging
factor “q” as follows [10, 21]:

+q
t
p0)=0.[L] @5
with ¢ =0.798n—0.0072 = 0.8n 4.6)

The present state-of-the-art reports aging factor values derived by RCM in the
range of 0.178 to 0.65 for CEM I 42.5 [22-26]. This range is in line with values
determined by diffusion tests in the range of 0.218 to 0.701 [21, 23]. The range of
these values are more or less in the order of aging factor values, as determined
through other methods, e.g., via recorded electrical resistivity, a commonly used
approach which is briefly introduced in what follows.

More recently, the determination of the aging factor of cement-based materials,
based on derived electrical resistivity values (Eq. 4.4 above), was also suggested,
reporting values in the range of 0.09 to 0.35 for CEM 142.5 [11-13]. These are also
more or less in line with values, recorded through diffusion or migration tests.
Hence, determination of the aging factor based on electrical resistivity values is
another suitable approach [11, 14]. However, the accuracy of resistivity determina-
tion would depend on the chosen method. This will affect the derived aging factor,
respectively.

A brief summary of the most frequently used methods for measuring electrical
resistivity of cement-based materials, as well as the approach to maturity levels’
determination, is presented in what follows.
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4.2.2 Electrical Properties and Maturity Levels
4.2.2.1 Electrical Resistivity

Monitoring electrical resistivity, a parameter directly linked to maturity of cement-
based materials and also related to diffusivity, has been suggested as a convenient
and nondestructive technique to assess concrete durability. Electrical resistivity of
cement-based materials can be measured following various setups, review of which
is not subject to this chapter and can be found described in detail in [27, 28, 29]. The
general approach is to record resistance values, by applying an alternating current
through a cross section of the specimens, and the resulting output of voltage (or vice
versa). Basically the resistance R of a specimen is determined by Ohm’s law, R = V/I
where Vis the electrical potential (in voltage) and / is the applied current (in Ampere).

4.2.2.2 Methods for Deriving Electrical Resistivity

The manner of measuring resistivity values can be different, e.g., two probes mea-
surements, four probes measurements (Wenner configuration), involving the rebar
network as one electrode, etc., are generally used.

The two-probe measurement is the simplest method of measuring electrical
resistivity — a schematic illustration is presented in Fig. 4.1. In this method, alternat-
ing current is applied to the specimens via metal plates of surface area A, equal to
the sides (cross-sections) of the specimens (Fig. 4.1). The electrical potential across
the specimens is measured and the electrical resistivity is calculated using the fol-
lowing equation:

p= 4.7

RA
[
where p is the electrical resistivity of the sample (in Ohm.m), R is the resistance (in
Ohm), A is the cross-section of the sample (in m?), and / is the length of the sample

(in m).

The two-probe method is largely used for lab conditions, due to simplicity for lab
tests, but also because of the possibility to precisely define geometrical constants
and minimize other contributing factors within measurements. For example, the two
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probe method can be executed at constant relative humidity or in sealed conditions,
can overcome gradients of humidity or foreign resistance contribution (due to vary-
ing concrete cover thickness for example), and can be employed on specimens,
which are further used for other tests (e.g., compressive strength).

The second method to measure electrical resistivity of concrete is the four probes
measurement, which is developed from geophysical surveying to overcome many of
the difficulties/limitation of the two-probe/point method. This method has been used
for determining soil resistivity [30] and was applied to concrete structures by Stratfull
[31], Naish et al. [32], and Millard [33]. The four-probe measurement is based on the
so-called Wenner configuration. The method is largely applied for field tests of con-
crete and reinforced concrete structures, by using a portable (Wenner probe) device.

According to Wenner, the four electrodes are aligned with the same distance as
illustrated in Fig. 4.2. The electrical current is “injected” via the outer electrodes
(i.e., electrodes A and B), whereas the electrical potential is measured between the
inner electrodes (i.e., electrodes M and N).

The electrical potentials at any nearby surface point are affected by the current
flow at both current electrodes A and B (I, and /). The electrical potential due to 7,
at point M for example (i.e., Vi and Vyp) can be presented as follow [30, 34]:

Vi =Vigs + Vi (4.8)
. I I
with V,,, = #and Vi = —znf . (4.9)
MA MB

where V), is the electrical potential at point M (in Volt), Vi, is the electrical poten-
tial between point M and point A, V) is the electrical potential between point M
and point B, I is the electrical current (in Ampere), p is the electrical resistivity
(Ohm. m), ry, is the distance between point M and point A, and ryg is the distance
between point M and point B.
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Following Egs. (4.8) and (4.9), the resulting voltage at point M is:

v, = I_P[L_Lj (4.10)

2\ hyn  Tus

Similarly, the electrical potential due to Iz at point N can be obtained as
follows:

Vi =V Ve (4.11)
1
with V, =2 andv,, =P (4.12)
27y, 2ty
finally at point N:

1 1 1
V=L —-— (4.13)

2n\ hy T

where Vy is the electrical potential at point N (Volt), Vy, is the electrical potential
between point N and point A, Vyg is the electrical potential between point N and
point B, 7 is the electrical current (in Ampere), p is the electrical resistivity (Ohm.
m), rya 1S the distance between point M and point A, and ryg is the distance between
point M and point B.

It should be noted that the opposite sign of electrical potential (Vs positive, Vy
negative andVy, positive, Vyg negative) is attributed to the reversed direction of
electrical current flow. The difference of electrical potential between Vy and V), can
be calculated using the following equation:

AVZVM—VNZI—p L_L — L_L (4.14)
27 a  "mB Na B

where AV is the electrical potential difference between two points, i.e., V; and Vy.
Next, the apparent resistivity (p) is obtained by rearranging Eq. (4.14) as follows:

2nAV
1

p (4.15)

(s

where the value of p depends on the electrode geometry.

with p =

(4.16)
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For the Wenner configuration, i.e., rya = rng = @ and ryg = rva = 24, the value of
p is equal to a. Finally, the apparent resistivity in Eq. (4.15) becomes [30, 34]:

p= 27!(1% “4.17)

By applying Ohm’s Law, Eq. (4.17) can be rewritten as:

p=2maR (4.18)

where p is the electrical resistivity (in Ohm. m), a is the distance between the closest
two electrodes (in m), and R is the electrical resistance (in Ohm).

The third method for measuring electrical resistivity of concrete is by involving
the rebar network as one electrode [35]. This method is performed by placing a
metal electrode on the concrete surface and measuring the resistance between this
electrode and the reinforcement as shown in the Fig. 4.3. Basically, this method can
be categorized as two-electrodes/probes type measurement. The electrical resistiv-
ity of concrete is calculated using the following equation:

p = k*R(disc—bar) (4.19)

where p is electrical resistivity (in Ohm m), k is the cell constant, and R(disc-bar) is
the resistance between the disc electrode and the steel bar (in Ohm).

The cell constant k is quite a complex parameter because it depends on the disc
size, the concrete cover, the rebar spacing, and the rebar diameter. According to
Feliu et al. [36], for disc sizes smaller than the distance to a large electrode (the
rebar system), the electrical resistivity of concrete is expressed by:

p =2%*a*R(disc—bar) (4.20)

where a is the diameter of the disc (in m).
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4.2.2.3 Maturity Method

Another method that can correlate aging phenomena and durability of cement-based
materials and can be, therefore, applied for aging factors determination, is the “matu-
rity method” [15]. The “maturity” method is a commonly used approach to predict
concrete strength development, based on the temperature history of cement hydra-
tion. In general, concrete strength development is estimated by using the relationship
between the maturity index and strength. The ASTM C 1074 elaborates on the pro-
cedure of this standard practice, where the maturity index can be expressed either as
a temperature-time factor, using the Nurse-Saul equation, Eq. (4.21) or as the specific
temperature at an equivalent age, using the Arrhenius equation, Eq. (4.22),

M:ZO:(T—TO)At 4.21)

where M is the maturity index (in °C-hours or °C-days), T is the average concrete
temperature (in °C), T is the datum temperature (usually taken to be —10 °C), t is
the elapsed time (in hours or days), and AT is the time interval (in hours or days).

_ u %{ 2731+Tr _273]+Tc]
1.(T,)=> e At (4.22)

r
t

where ¢, is the equivalent age at the reference temperature (in hours), E is the appar-
ent activation energy (in J/mol), R is the universal gas constant (in 8.314 J/mol-K),
T, is the absolute reference temperature (in Kelvin), 7, is the average concrete tem-
perature during the time interval Az (in Kelvin), and At is the chronological time
interval between temperature measurements (in hours).

According to [15], concrete specimens of the same mix design and at the same
maturity level have approximately the same strength, irrespective of the variance in
relevant temperature and time (or their combination) in order to make up that matu-
rity. In cement-based materials, strength increases with the progress of cement
hydration. The amount of hydrated cement is determined by the duration of curing
and the temperature level.

4.2.3 The Contribution of This Work

In view of the introduced technical background and state-of-the-art, this section
outlines the contribution of the present work. In altered environmental conditions
e.g. when electrical current flows through cement-based materials, the temperature
development within cement hydration will change. A temperature increase would
be expected as a consequence from ions and water migration, in addition to diffu-
sion phenomena at interfaces e.g. pore wall/pore water. Hence, altered water and ion
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transport in the cement-based bulk matrix and (re)distribution of hydration products
will be at hand. If compared to control conditions, electrical current flow initially
leads to accelerated cement hydration and increased strength due to densification of
the bulk matrix [37-39]. Various experiments on electrical curing and application of
the so-called “maturity method” approach [15] for cement-based materials have
been performed and reported [40—44]. The major outcome from these studies is
mainly related to prediction of long-term mechanical properties (e.g. strength) and
thermal conditions (e.g. heat development) from short-term tests and derived sets of
experimental data.

Considering the above relationships, the objective of this work was to evaluate
the effect of stray current on the mechanical and electrical properties of 28-days
cured mortar in two very distinct exposure conditions (sealed and water-submerged).
The motivation for these studies was in view of two main points. Firstly, stray cur-
rent effects on reinforced concrete structures are mainly considered and reported
with respect to steel corrosion, although reported loss of bond strength, coarsening
of the pore network, etc. are among effects related to the cement-based material
itself [27, 39, 45]. In other words, steel corrosion is well recognised as a conse-
quence of stray current, while the mechanical and electrical properties of the
cement-based bulk material are not considered to be subject to change and
rather neglected in the present state-of-the-art. Therefore this aspect was studied
in this work.

Secondly, if environmental conditions are taken into account, the presence of
concentration gradients (e.g. as in underground structures or water-submerged con-
ditions) or the absence of such (e.g. the bulk concrete in large structures, as in sealed
conditions) would determine different level of material development in conditions
of stray current. In these conditions, ion and water transport are determined by both
diffusion and migration. However, in the former case (concentration gradients pres-
ent), leaching-out would also be relevant and depend on the current density levels to
a large extent. In the latter case (no concentration gradient) the effect of stray cur-
rent would be expressed only in enhanced internal ion and water transport, poten-
tially resulting in altered cement hydration due to migration-controlled phenomena.
Therefore, evaluation of material properties in sealed conditions, will explicitly
reflect the effect of stray current, when no ion or water exchange with external
medium are relevant. In contrast, the development of material properties in water-
submerged conditions would reflect the effect of stray current on both ion and water
diffusion and migration, together with the contribution of leaching-out effects.

In view of the above and with regard long-term behaviour of cement-based mate-
rials in conditions of stray current, the ageing factors and apparent diffusion coef-
ficients were also derived for sealed conditions, based on experimentally recorded
electrical resistivity and implementing the above discussed and reported relation-
ships. These were linked to the effect of stray current, rather than derived as abso-
lute values or for the purpose of service life predictions. The outcomes were
compared to the relevant control cases and used to evaluate the overall performance
of cement-based materials, when ion and water migration contribute to diffusion-
controlled transport mechanisms.
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4.3 Experimental Materials and Methods

4.3.1 Materials

Mortar cubes of 40 mm x 40 mm x 40 mm (Fig. 4.1) were cast, using OPC CEM I
42.5 N with w/c ratio of 0.5 and 0.35. The cement-to-sand ratio used was 1:3. The
chemical composition (in wt. %) of CEM 142.5 N (ENCI, NL) is as follows: 63.9%
Ca0; 20.6% SiO,; 5.01% ALO;; 3.25% Fe,05; 2.68% SOs; 0.65% K,0; 0.3%
Na,O. After casting and prior to conditioning, the specimens were cured in a fog-
room of 98% RH, at 20 °C for 28 days; after de-molding, electrical connections
were made to apply electrical current through cast-in electrodes (metal plates) on
the two opposite sides of each cube (Figs. 4.1 and 4.4). The electrodes also served
the purpose of measuring electrical resistivity (Figs. 4.1 and 4.4). For sealed condi-
tions, the mortar specimens were sealed with bee wax to prevent water evaporation.
For water-submerged conditions, identical specimens were submerged in water-
containing vessels throughout the test.

4.3.2 Sample Designation and Current Regimes

The mortar specimens were cast in two main groups, differing in w/c ratio, i.e., 0.35
and 0.5. These two specimens’ groups were presented by three subgroups: (1) con-
trol group — no DC current involved; (2) group “100 mA/m?” and (3) group “1 A/
m?”, where DC current was relevant at the respective current levels.

1(A)

Fig. 4.4 (a) Experimental setup (sealed condition) for mortar cubes of w/c ratio 0.5 and 0.35; (b)
schematic representation for electrical current application through surface area A of the mortar
specimens
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4.3.3 Methods
4.3.3.1 Mortar Electrical Resistivity

The electrical resistivity of the mortar cubes was measured using an alternating DC
2-pin method [27], where the “pins” are the metal electrodes (plates) with dimen-
sions equal to the sides A of the mortar cubes, Fig. 4.4. To avoid polarisation effects
during measurement for the water-submerged groups, the mortar cubes were taken
out from the medium and cloth dried prior to testing. The resistance was measured
by applying an alternating DC current of ImA at a frequency of 1 kHz. An R-meter
was used to record the electrical resistance of the mortar. For the “under current”
regime (groups 100 mA/m? and 1 A/m?), the resistance measurements were per-
formed after current interruption of approximately 30 min. The electrical resistivity
was calculated using Ohm’s Law based on two probes measurements (as previously
introduced in the Sect. 4.2.2).

4.3.3.2 Compressive Strength

Standard compressive strength tests were performed on the 40 mm x 40 mm Xx
40 mm mortar cubes at the hydration age of 28 days as initial measurement and later
on after 3, 7, 14, 56, and 84 days of conditioning (i.e., 31, 42, 84, and 112 days of
age). Three replicate mortar specimens were taken out from the conditioning setup
and tested within a 5-min time interval.

4.4 Results and Discussion

4.4.1 Compressive Strength

Global mechanical properties of cement-based materials are of importance for the
assessment of overall performance. In order to evaluate the influence of stray cur-
rent flow on mechanical properties, compressive strength was recorded. Figure 4.5
shows the strength development of the 28-day cured mortar specimens of w/c ratio
0.5 and 0.35 in sealed and water submerged conditions. As expected, compressive
strength increases with time and within cement hydration, which was relevant for all
groups. The effect of w/c ratio can be clearly observed i.e. the specimens with w/c
ratio of 0.35 presented higher compressive strength compared to those of w/c ratio
0.5, irrespective of exposure conditions and stray current effects. This trend of per-
formance is well known and is generally due to a larger capillary porosity in the
former case and a denser microstructure in the latter case [42].

The effect of electrical current in sealed conditions is more obvious at later
stages — after 56 days, where stabilisation of compressive strength for control cases
was observed, whereas a still gradual increase was relevant for the “under current”
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regimes. Increased compressive strength at the end of the test was especially
relevant for the 1A/m? group at w/c ratio of 0.35 (Fig. 4.5a). This is a result of
enhanced cement hydration at lower pore water content, leading to a more pro-
nounced development of a rigid microstructure, if all these are compared to w/c
ratio of 0.5 and control conditions.

In contrast to the sealed conditions, the compressive strength of water-submerged
mortar decreased as a result of stray current (Fig. 4.5b). This was more pronounced
towards the end of the test. Calcium ions leaching-out would result in depreciation
of mechanical performance due to microstructural changes. This outcome is consis-
tent with previous results on partly submerged in water specimens, where chemical
analysis of the external medium, together with microstructural analysis supported
the observed evolution of mechanical properties [27]. The effect of w/c ratio and
stray current can be judged in parallel by comparing the difference in compressive
strength between the specimens “under current” and the relevant control cases at
identical age. Similarly to the sealed conditions, although with a reversed trend, the
highest current density level resulted in the largest effect at the end of the test i.e. the
lowest compressive strength for both w/c ratio 0.35 and 0.5 were recorded for mor-
tar subjected to stray current of 1 A/m>.

The trend of compressive strength development of the hereby tested mortar spec-
imens at early and later stages is well in line with the development of electrical
resistivity, as presented and discussed in what follows.
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4.4.2 Electrical Resistivity

Electrical resistivity is a rapid and nondestructive testing method that provides an
indication for the quality of concrete structures. The electrical resistivity of concrete
can be also defined as the resistance of the matrix to water and aggressive ions pen-
etration. It could also be an indication of properties development, when water and
ion transport due to migration are concerned, e.g., when electrical current flows
through a unit length or a unit cross-section of a concrete specimen.

The electrical current is “carried” by ionic charge, flowing through the concrete
pore solution. Hence, water and ions migration in conditions of current flow will be
involved in addition to diffusion-controlled transport (absorption or capillary
suction are not considered). Enhanced ion and water flow would result in enhance-
ment, or at least alteration, of cement hydration. Additionally, leaching-out for
water-conditioned specimens, would contribute to microstructural changes and
potentially be reflected in changes in electrical properties. All these would affect the
development of electrical resistivity in conditions of current flow, if compared to
control conditions. Next, the electrical resistivity values are affected by several fac-
tors including different concrete mixture (e.g. binder/cement type, water to cement
ratio, aggregates, pozzolanic admixtures) and environmental conditions (e.g. tem-
perature, humidity) [46].

For this experiment, w/c ratio and exposure conditions were variables, all other
factors were maintained identical. The effect of electrical current was recorded with
respect to w/c ratio and external medium and compared to identical control speci-
mens in each test series.

For the sealed specimens, the electrical resistivity gradually increased with time
(Fig. 4.6). A close to linear relationship was observed with the level of current den-
sity, the highest values were recorded for the 1A/m? regimes in both series of w/c
ratios 0.35 and 0.5. As aforementioned, and as previously reported [27], this result
is attributed to on-going cement hydration, minimized temperature loss and no
interaction with external environment. Lower w/c ratio would additionally account
for a denser microstructure and a reduction in the capillary pore volume of the mor-
tar specimens. Therefore, the electrical resistivity values gradually increased with
time due to the progress of cement hydration and subsequent development (densifi-
cation) of the bulk microstructure.

Since the electrical current is carried by ionic flow through the pore solution of
the mortar specimens, higher water/cement ratio results in an “easier” electrical cur-
rent flow (i.e. low electrical resistance/resistivity). In contrast, the lower w/c ratio
would impede electrical current flow (i.e. high electrical resistance/resistivity). If a
correlation of factors is made e.g. w/c ratio and current flow effects on electrical
properties of mortar, it is well seen that electrical resistivity increased for the speci-
mens in conditions of electrical current, irrespective of the w/c ratio, Fig. 4.6¢). In
other words, for the specimen groups 100 mA/m? and 1 A/m?, cement hydration was
enhanced by elevated internal water and ion transport. This result in higher electri-
cal resistivity over time — in the range of 480 to 530 Ohm.m, if compared to control
conditions — approximately 350 Ohm.m towards the end of the test. Slightly higher
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Fig. 4.6 Electrical resistivity values (3 replicates per group) of mortar specimens in sealed condi-

tion for w/c ratio 0.5 (a), w/c ratio 0.35 (b), and averaged data (c)
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Fig. 4.7 Electrical resistivity of 28-day cured, water submerged mortar specimens of (a) w/c ratio
0.5 and (b) w/c ratio 0.35

values were recorded for the lower w/c ratio group (0.35) compared to the 0.5 w/c
ratio group in both control and under current conditions (Fig. 4.6¢), which was as
expected and as previously discussed.

Figure 4.7 presents the evolution of electrical resistivity of the 28 days-cured
mortar specimens, fully submerged in water. Similarly to sealed conditions, the
effect of stray current was evaluated in parallel to the effect of varying w/c ratio and
compared to control conditions of the same w/c ratio, i.e. w/c 0.5 (Fig. 4.7a) and w/c
0.35 (Fig. 4.7b). As can be observed, until ca. 40 days of conditioning (or ca.
70 days of age), the electrical resistivity for all specimens increased with time, irre-
spective of w/c ratio and conditions — Figs. 4.7a, b). This is logic and as expected,
reflecting the maturity development of the cement matrix with time of hydration.
After 40 to 55 days of conditioning, a subsequent increase and stabilization for the
control specimens was recorded, but a decreasing trend for the “under current”
conditions was observed. Increase or stabilization of electrical resistivity values
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follows the logic of continuous cement hydration with time and conditioning. The
decrease of electrical resistivity for the water-conditioned specimens after longer
treatment (> 50 days), was obvious, especially if compared to sealed specimens
(Fig. 4.6). This result is linked to leaching-out and re-distribution of the pore net-
work, which are not subject to discussion in this work. Some of these effects were
previously reported for partly submerged in water specimens [27]. This negative
effect of stray current can be well observed in the water-submerged group, reflected
by the lowest electrical resistivity for specimens, subjected to the highest current
density levels (Fig. 4.7). As can be also observed in both Fig. 4.7a) and Fig. 4.7b),
the negative effect of stray current was not determined by w/c ratio i.e. was relevant
at comparable levels in both cases of w/c 0.35 and w/c 0.5, despite the lower amount
of pore water at the w/c ratio of 0.35, compared to that of w/c ratio 0.5.

The results from electrical resistivity measurements are well in line with the
recorded compressive strength in both sealed and water-submerged conditions
(Fig. 4.5). Increasing electrical resistivity and higher compressive strength for
sealed conditions were the result from stray current, where no concentration gradi-
ent with external medium was relevant. In contrast, decrease in electrical and
mechanical properties was observed for water-treated specimens, more pronounced
for the highest current density level of 1 A/m?.

Following the above discussed experimental results and the outlined in
Section 4.2. methodology, the ageing factor for sealed mortar in the hereby tested
conditions was determined. Next, the apparent diffusion coefficients were calcu-
lated and results discussed in view of the effect of stray current on mortar specimens
of different w/c ratio.

4.4.3 Ageing Factors Determination

The recorded electrical resistivity values, as presented in Figs. 4.6 and 4.7, were
employed in Eq. (4.5), which through curve fitting was used to derive the exponents
q. The as derived exponent g values were later on used to calculate the ageing fac-
tors n, following Eq. (4.6). Table 4.1 summarizes the obtained values for each group
of specimens. An example of the fitting results for the sealed specimens are pre-
sented in Fig. 4.8 for w/c ratio 0.35 (Fig. 4.8a) and w/c ratio 0.5 (Fig. 4.8b). Curve
fitting of Eq. (4.5) for water-submerged conditions was not possible, since on one
hand the obtained error was very large and not presenting meaningful results. On
the other hand, it is logic that the same function cannot be employed for two very

Table 4.1 Summarized g values and calculated aging factor n (Eq. 4.6) for mortar, cast from
CEMI 42.5 N and cured for 28 days

Sealed experiments — w/c 0.5 Sealed experiments — w/c 0.35
Parameters Control 100 mA/m? 1 A/m*> | Control 100 mA/m? 1 A/m?
Values of ¢ 0.295 0.310 0.328 0.306 0.321 0.337
Aging factor (n) 0.369 0.388 0.410 0.383 0.401 0.421
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Fig. 4.8 Electrical resistivity values of mortar specimens in sealed condition and aging factor “g”
obtained from fitting curve using Eq. (4.5) with w/c ratio 0.5 (a) and w/c ratio 0.35 (b)

different exposure conditions. Therefore, the application of the reported in literature
analytical approaches for ageing factors determination, based on electrical resistivity,
were only applied to the sealed specimens in this work.

As seen in the Fig. 4.8, the exponent gvalues increased with increasing the level
of electrical current for both w/c ratio 0.5 and 0.35. The exponent g values for
control conditions was in the range of 0.369 - 0.383, while for the 100 mA/m? and
1A/m? groups a range of 0.388 - 0.421 was recorded. It was also recorded that the
exponent g values for the mortar groups of w/c ratio 0.35 was slightly higher than
that, derived for w/c ratio 0.5. Although the difference was not significant, the result
can be attributed to a potentially more pronounced effect on cement hydration, and
a more substantial pore refinement for the mortar specimens of w/c ratio 0.35 (lower
amount of capillary water initially present if compared to w/c ratio 0.5) resulting in
increase of electrical resistivity. Additionally, lower w/c ratio tends to result in
higher electrical resistivity due to a lower content of the liquid phase.



76 A. Susanto et al.

Table 4.1 summaries exponent g values as derived from the electrical resistivity
records and the ageing factor n as calculated from the relationship between the
exponent ¢ and n, using Eq. (4.6). From Eq. (4.6) it can be deduced that the expo-
nent g, derived from resistivity is slightly lower than n, n obtained from diffusion
coefficient. This is due to the fact that both electrical resistivity (p) and apparent
diffusion coefficient (D,,) evolve differently with time [17, 36]. Among other phe-
nomena, the values of electrical resistivity (p), represent the evolution of micro-
structural properties (i.e. pore network and its connectivity) due to cement hydration
and/or reactions with pozzolanic material, mineral admixtures, etc. Electrical resis-
tivity changes can reflect variation in diffusion coefficients as well, since diffusivity
is determined by microstructure development, including chloride binding capacity
in the bulk matrix. The diffusion coefficient Dap, however, also reflects the surface
chloride binding and chloride surface concentration with time. Although the differ-
ence between ¢ and n values (Table 4.1) was not well pronounced, the variation of
derived values can be attributed to the influence of stray current on ions and water
migration. These in turn affect microstructural development and the evolution of
mechanical and electrical properties, respectively.

As seen in the Table 4.1, both n and g values changed with water-to-cement ratio
and the level of stray current flow. As expected, the aging factor n increased with
decreasing of water-to-cement ratio and with increasing electrical resistivity values.
As aforementioned, lower water-to-cement ratio results in higher electrical resistiv-
ity, as stated by MacDonald and Northwood [47], and the variation of electrical
resistivity is caused by changing in porosity, determined by water content and the
water-to-cement ratio.

For the experimental conditions of this work, the aging factor was obviously not
only depending on the w/c ratio, but was also affected by the stray current flow. The
simultaneous effect of stray current flow and water-to-cement ratio can be deduced
from the results in Table 4.1. It can be seen that the aging factor increased with
increasing the level of stray current flow for both w/c ratio 0.5 and 0.35. The aging
factor for specimens of w/c ratio 0.35 tends to have higher values than that for speci-
mens of w/c ratio 0.5. At lower w/c ratio, the stray current flow had a larger effect in
view of increasing the temperature of a lower amount of pore water. As a conse-
quence, the rate of cement hydration increased faster for specimens of w/c ratio
0.35, compared to these of w/c ratio 0.5. This in turn led to a more rapid pore refine-
ment, or densification of cement bulk matrix, in specimens of w/c 0.35. However, if
control and under current conditions are compared within the groups of same w/c
ratio (Table 4.1), the following can be observed: compared to control conditions, the
aging factor increased with 5.1% and 11.1% at the level of current densities 100
mA/m? and 1 A/m?, respectively, for the groups of w/c ratio 0.5. In contrast, for the
groups of w/c ratio 0.35, the aging factor increased with about 4.7% and 10% at the
current density levels of 100 mA/m? and 1 A/m?. Although the overall aging factor
for w/c ratio 0.35 was slightly higher than that for w/c ratio 0.5, the stray current
flow contributed to the aging factor changes to a higher extent at w/c ratio 0.5, if
under current regimes are compared to control conditions in one and the same w/c
ratio group.
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Table 4.2 Aging factor n for w/c | n-values References
OPC mixtures from 05 0320 Stanish [48]
literatures 05 |0.178 Zhuging Yu [24]
045 0.264 Bamforth [23]
045 10.275,q=0.22 | Andrade [11]
0.45 10.236 Dalen [31]
045 0.182 Maes [49]
0.4 0.350 F. Presuel-Moreno [13]

The derived exponent ¢ and n values in this study are well in line with values
reported in the literature, especially if conditions similar to the hereby tested control
series are considered [11, 22, 23]. As can be observed from Table 4.2 (e.g. ref. [11]
and [48] refer to sealed conditions, ref. [13] — to immersed, ref. [23] — to splash
zone, ref. [24] —to lab), the ageing factor (n) determined by both electrical resistivity-
based and diffusion coefficient-based approach as previously reported, are in the
range of the hereby derived ones (Table 4.1). This outcome denotes for a valid
approach towards retrieving reliable results for the present investigation, on one
hand. On the other hand, the effect of stray current on ageing factors and maturity
level of cement-based materials is apparently possible to be quali- and quantified
following the same approach.

4.4.4 Diffusion Coefficient

By considering the previously introduced theoretical background and employing
the aging factor n as presented in the Table 4.1, the apparent diffusion coefficient as
function of time can be predicted, using Eq. (4.3). Graphically this is presented in
Figs. 4.9 and 4.10. Figure 4.9 depicts a comparison of the apparent diffusion coef-
ficient (D,,) as derived from the obtained aging factors n in this study (curve “con-
trol 0.5”) and D,, as reported in literature for control conditions. As seen in the
Fig. 4.9, there is a good agreement between the D,, values, predicted based on cal-
culation from the aging factor n and these derived from direct measurements of
apparent diffusion coefficient. This outcome can be further used to predict the influ-
ence of stray current flow on apparent diffusion coefficient of cement-based materi-
als. Figure 4.10 depicts the evolution of D,, for the under current subgroups 100
mA/m? and 1 A/m? in comparison to the control group in this study. As expected, the
apparent diffusion coefficient did not change significantly at early stages, which
holds for both groups of w/c ratio of 0.5 and 0.35. A gradual decrease, however, was
observed at later stages with decreasing the w/c ratio (i.e., D,, of w/c ratio 0.35 is
lower than that of w/c ratio 0.5).

As far as the effect of stray current is concerned, in both groups of w/c ratios of
0.35 and 0.50, a decrease of D,, was observed over time as an indirect effect of the
stray current. This was significantly more pronounced for the higher current density
group (1 A/m?) in combination with lower w/c ratio (0.35).



78 A. Susanto et al.

2,1E-11
-+~ R-this work 1,336-11 R
- -« - van Dalen [31] ‘»\‘ ..
«— Stanish [48] 117611 Ln"‘._. ‘..
’ AT .
-e-- Caballero [50] Teln .
. 1;6E—11 1 —— Ngala [51] “:.:!:.‘
m - “lte.
T —+—MacDonald [s2] O 1, LN
% *
e .. / 8,56-12
R Mty 0 7 14 21 28 35
1,1E-11 - Tiiw, e
e
a ‘-n,‘.
.. a
. -o..“.‘._-.‘
M“"’*‘-.‘_’
6E-12 -

10 20 30 40 50 60 70 80 90 100

Conditioning time (days)

0

Fig. 4.9 Prediction of apparent diffusion coefficient calculated using Eq. (4.3) based on aging

factor (n), as derived from electrical resistivity records, compared to reported literature results

1.30E-11

1.10E-11

Dap (m2/s)

9.00E-12

7.00E-12

L 8.00E-12
I E 7.50€-12
- £
: S 8 7.00E-12
| 1.30E-11 85 86 87 88 89 90
- Conditioning time (days)
-é‘ 1.20E-11
LS =
| & =S
1.10E-11 TR
02 46 81012 By,
i Conditioning time (days) eI
PRI S AT AR A A A A B A A S A S AN ST RSN A AU AU A AT AT A i S
0 10 20 30 40 50 60 70 80 90
Conditioning time (days)
——~Control-0.5 ----Control -0.35
——100mA/m2 - 0.5 ----100mA/m2 - 0.35
——1A/m2-0.5 ----1A/m2-0.35

100

Fig. 4.10 Apparent diffusion coefficient of mortar specimens subject to stray current flow calcu-
lated using Eq. (4.3) based on aging factor (n) derived from electrical resistivity records



4 The Influence of Stray Current on the Maturity Level of Cement-Based Materials 79

Obviously, the different levels of stray current density and w/c ratio — as
separately evaluated and as a synergetic effect — exert influence on the maturity
levels and aging factors of cement-based materials. Electrical resistivity values can
be used as an alternative of diffusion coefficients within the determination of the
aging factor of cement-based materials. Moreover, the obtained results, using this
alternative approach, are in a very good agreement with results, where values from
chloride diffusion tests were used.

In a “reversed” approach, the aging factors, as derived based on electrical resis-
tivity, can be used to determine diffusion coefficients and predict the development
of apparent chloride diffusivity. This approach can be used further to predict service
life of cement-based materials due to stray current flow. This study discussed only
relatively lower levels of current flow, which result in positive effects, e.g., densifi-
cation of the bulk matrix, increased compressive strength. Should be noted that in
practical situations, this is not necessarily the case and the level of stray current can
be significant and leading to negative side effects. For example, if combined with
environmental conditions as level of humidity and chloride content, stray current
can cause leaching out of calcium-baring phases and reduced global properties and
performance would be relevant. This is especially the case when enhanced water
and ion migration are involved, as within electrical current flow through a cement-
based matrix.

Therefore, further research is necessary in order to define a threshold value for
positive and/or negative effects of electrical current flow (stray current respectively)
on cement-based material properties and performance within service life. In the fol-
lowing section, the concept of applying the above considerations to (potentially
practical) cases of significantly larger current density levels is outlined. Also pre-
sented is an example for the negative effect of stray current in relevant environmen-
tal conditions and in view of aging factors determination.

4.5 Conclusions

This chapter discussed the influence of stray current flow on material properties and
performance of 28-day cured cement-based materials in two distinct environmental
conditions. The ageing factor, as a parameter linked to durability of cement-based
materials, was determined from electrical resistivity development for sealed condi-
tions. Based on the experimental results and analytical approach, the following con-
clusions can be drawn:

The ageing factor for control specimens in sealed conditions, obtained from elec-
trical resistivity development over time, was in the range of those published by other
researchers. This indicates that this method is potentially reliable and can be applied
also to determine the influence of stray current flow on cement-based materials. The
results show that the influence of stray current not only depends on the level of cur-
rent flow, but is also largely determined by the relevant environmental conditions.

In sealed conditions, the ageing factor (n) obtained from electrical resistivity
increased with the level of stray current flow and with lowering the w/c ratio, as



80 A. Susanto et al.

also indicated by increase in compressive strength development. The ageing factor
for water-submerged specimens was not possible to be determined using the same
approach. However, the real experimental data shows the negative effect of stray
current in view of decreased electrical properties and mechanical performance.

The approach to determine the ageing factor from electrical resistivity develop-
ment may be useful to determine the apparent diffusion coefficient of cement based
materials to a certain extent and in controlled environment. Deriving ageing factors
for various exposure conditions, however, needs to consider other factors and mate-
rials development over time. The hereby discussed analytical functions were found
to be not directly applicable for water-submerged specimens in view of the effects
of stray current.
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