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Abstract

In this research, the effect of curing with different types of current, current densities/voltage
intensity on mortar is studied. The main objective is to explore the outcomes of electric
curing on the setting time of CEM-I mortar. For achieving the main objective, an electrical
curing setup is designed to accommodate curing with direct current, alternating current
and pulsed direct current and the conventional vicat apparatus and its test procedure are
modified in order to carry out the testing while a sample is being cured with current.
Additionally, the effect of passing current on material properties such as compressive strength
and resistivity is also studied. The temperature development during the curing process has
also been monitored in the research. The electric charge and power calculation are done,
for possible current/voltage regimes. The experiments revealed that the setting time can be
altered by electrical curing of CEM-I mortar. The influence of electric curing for the chosen
curing period is not significant as revealed from the compressive strength testing while
the development of resistivity and temperature reveals that there is a correlation between
these two properties. The effect of electric power applied to a sample is reflected in the
results of the setting times. In the last chapter the findings of the study are summarised
and recommendations, keeping in mind the possibility of expanding research in this field of
study, have been made.
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1 Introduction

Increasing productivity of pre-fabricated elements at factories, emergency in-situ repair works, and
3D printing of concrete has led to the need for modifying the mix designs of concrete according
to each purpose. With recent developments in the concrete industry, accelerated curing methods
are gaining popularity: these methods are adopted in fields that require faster execution of
concrete works. Electric curing is one such method used to increase productivity at factories
by accelerating the curing period of concrete elements. It involves passing current through the
concrete specimen to make use of the concrete mix’s resistance to current flow in order to generate
heat, this mechanism is also known as Joule’s heating effect.
The acceleration of the curing process has both positive and negative side effects: accelerated
curing could increase the early-age compressive strength of the mixture while, on the other
hand, it may increase its porosity as well as cause delayed ettringite formation. The negative side
effects related to accelerated electric curing can be countered by applying different electric current
regimes/types for the curing process [16]. Conventionally alternating current has been used for
the electric curing process. However, similar effects such as a gain in compressive strength have
also been reported by Susanto et al. [35]. in the study of the effects of stray current on hardening
and hardened cement-based materials.
Direct current is mainly used in concrete technology for cathodic protection, cathodic preven-
tion, and cathodic realkalization, wherein current densities ranging from 1mA/m2 to 2000mA/m2

are applied. Experimental and modelling results show that an increase in early-age compressive
strength is also possible using direct current if the intensity is increased [35]. Along with al-
ternations in material characteristics, polarisation and hydrogen evolution at the electrodes may
occur during the application of direct current for cathodic protection. The downside of using
direct current has recently been countered by the pulsed direct current [18]. Most of the research
on accelerated curing methods focused on quantifying compressive strength development under
different electric curing regimes. However, it must be pointed out that a potential advantage
of using such curing methods is the modification of setting time due to the current application.
This aspect has not been comprehensively investigated yet, and insights about accelerating set-
ting time by application of current would have applications in fields such as 3D printing since the
3D-printed mixture needs to be sufficiently set (and hard) to print a subsequent mixture layer on
its top. Uygunoğlu et al.[40] have reported a decrease in setting time when applying alternating
current through the sample, and the temperature evolution during the current application to the
sample has been correlated with the setting time showing higher temperature evolution results in
a decrease in setting time.
Besides the previous studies focused on the effects of stray current on cementitious material
properties, assessment of the setting time of samples subjected to AC-electric curing, insights
into the effect of direct current on the setting time and assessing setting of samples subjected to
electric curing using vicat testing has not been investigated. Thus, the present study is focused
on experimentally verifying the changes to setting time due to the application of different types
and intensities of current, if there are any, while also reporting the influence of application of
current through properties, such as compressive strength, resistivity, that have been reported in
previous studies [24, 44, 6].
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1.1 Scope and Objectives

The main objective of this research was to investigate the effects of different current types and
current/voltage intensities on fresh cement mortar. The following aspects were studied to answer
the main objective:

• Assessment of setting time of cement mortar subjected to different current types and
intensities

• Effects of direct current, alternating current and pulsed direct current on cement mortar
properties, such as compressive strength and resistivity.

The results from this work aim to contribute to understanding the positive or negative impact of
using electric current on cementitious materials.

1.2 Layout of thesis

The present research consists of 7 chapters.
Chapter 1 briefly introduces accelerated curing methods and their applications and side effects.
In this chapter, the scope and objectives of the present research are also highlighted.
Chapter 2 consists of a literature study on the hydration of cement, curing at high temperatures,
accelerated curing methods, electric curing of concrete and the stages involved in designing
curing cycles, electrical properties of concrete, mechanisms of accelerators and retardants used
for altering the setting times of concrete mixes. The effects of electric curing on concrete samples
are also discussed.
Chapter 3 consists of details regarding sample preparation and the construction of the curing
setup for different types of current. The current and voltage behaviour of the different curing
regimes in the presence of the mortar samples are also discussed.
Chapter 4 deals with the tests carried out on the prepared samples, such as the setting time
test, compression test, resistivity measurement and temperature measurement. The chapter also
provides details on how the conventional vicat apparatus was modified to suit the requirements
of the current study.
Chapter 5 consists of the compilation of results obtained by carrying out the experiments required
in this study. The results are graphically represented, and an overview of the results is presented.
In Chapter 6, a discussion of the results presented in chapter 5 is formulated. The validity of the
curing setup, alterations in the setting times, and the trend of compressive strength and resistivity
with age are discussed in this chapter.
Chapter 7 comprises the conclusions from the present study, the recommendations that should be
taken into account for future research and the limitations related to the applied methodologies.

Masters Thesis 9



2 Literature Review

2.1 General Introduction

With its versatility in the construction field and availability, concrete is by far the most used
construction material in the world. Concrete is a composite material made primarily from a
cementing/binding medium, aggregates, water and other embedded materials. Depending on
the binding medium, concrete is classified into various types. Ordinary Portland cement, being
one of those, is categorised as a hydraulic cement type where the hydration products (mainly
Calcium Silicate Hydrates (C-S-H) and Calcium hydroxide (CH)) are formed as a result of the
interaction of calcium silicates with water and are stable in an aqueous medium [21][26]. As of
2006, approximately 8% of anthropogenic CO2 emissions were due to cement production. In the
coming years, cement production is expected to reach approximately 5 billion tonnes to meet
global requirements, with each ton of cement producing 0.65-0.95 tons of CO2 (as reported
in 2006) [25]. Substituting portland cement with new alternatives might lead to a 20%-80%
reduction of CO2, depending on the scenarios. Though alternatives are the way to move forward,
for the time being, it is essential to make efficient use of cement by producing good-quality
concrete elements with it [25][5]. Good quality concrete, on a rudimentary level, is defined by
two fundamental criteria: (i) its fresh state properties like the ease of transportation, casting, and
(ii) its hardened state properties like compressive strength [28]. Several parameters determine
how good a concrete mix is in its performance, with curing during the early stages being one of
those parameters [32].
The process involved in stimulating cement hydration and strength development of concrete is
capped under the term ’Curing’ in concrete technology. The improved properties of concrete that
come with proper curing are brought about by temperature and moisture regulation during the
initial stages (fresh state of concrete). It is well known that however good the mix of the concrete
is, the quality of the final product, i.e., the concrete element for which the mix is used, is subject
to proper placing and curing methods [28]. In addition to the conventional curing methods, quite
a few options involve accelerating the curing process by elevating the temperature internally and
externally. This increase in curing temperature during the early stages of hydration can accelerate
the hydration processes and strength gain. Early strength gain of concrete elements is required
to ensure profitable outcomes in the pre-cast industry [28, 16].
The execution of accelerated curing can be carried out through a physical process such as applying
heat. Steam curing, Stem injection, oil heating, and water heating are examples of curing methods
involving heat application through an external heat source. On the other hand, electric curing is
a method where the heat required for accelerated curing is obtained from within the concrete by
passing an electrical current through the sample (Ohmic heating) [16].

2.2 Hydration of Cement

The raw materials used in the production of Portland cement mainly consists of Lime, Silica,
Alumina and iron oxide. In the kiln, where high temperatures are maintained, these compounds
interact with each other and result in the formation of these 4 major constituents in Portland
cement clinker: i)C3S ii)C2S iii)C3A iv)C4AF. C3S and C2S are responsible for the strength gain
in the cement paste, C3A plays a role in the strength gain during the early stages and helps in
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the fusion of lime and silica during the cement production. When Portland cement with gypsum
gets hydrated, the following reactions occur [45] [29]:

1. There is hydration of alumina and alite for a short period which occurs initially with a high
reaction rate. The sulphates from the cement clinker and the gypsum goes into solution
and starts forming an amorphous gel containing sulphates, silica, alumina and lime. This
dissolution period is followed by a dormant period. This dissolution period also involves
formation of small crystals of ettringite.

2. Alite hydration produces Calcium-Silica hydrates and calcium hydroxide which are sized
up to 10µm. This occurs at around 6 − 12 hours, where the concrete has set but has
considerably low strength.

3. Cement reacts in 2 ways: i) Dissolution occurs at the surface of the cement grain, with the
dissolved particles passing through the coating of the fluid and reprecipitating in the large
water-filled gaps between the cement grains. ii) CSH forms within the volume contained
by the cement particle.

4. After a day, the sulphates that were present are almost used up but the aluminate phase
still undergoes hydration. This depletion causes formation of mono-sulphates. After a few
more days, the ettringite starts to decompose to form mono-sulphates as well. The large
water filled pores are occupied by CSH and CH (calcium hydroxide). The cement paste
becomes denser.

5. From 3 days onwards, alite reaction becomes depleted and belite contributes more towards
strength gain. Overall reaction rates get slower with increase in time. Most of the available
sulphates are in mono-sulphate form.

The above products of hydration forms one of the three phases in concrete/mortar, the hydrated
cement phase. The other 2 are: The interfacial transition zone and the aggregate phase [26].

2.3 Curing at Elevated Temperatures and Accelerated Curing Meth-
ods

The main objective of curing is to keep the concrete saturated or at least partially saturated until
the water-filled pores in the cement paste are replaced with products of hydration. Thus, the
need for curing is to avoid the loss of water from the capillaries while at the same time replacing
the water that is lost as a result of self-desiccation. Usually, self-desiccation occurs in sealed
concrete samples at w/c ratio of less than about 0.5. This study focuses more on accelerated
methods rather than the conventional methods of curing such as oiling and wetting, using an
impermeable membrane or waterproof reinforced paper or plastic sheets.
The initial rate of strength development is significant, and the strength at the later stages is less
in elements cured at higher temperatures [28]. This enhancement in strength is capitalised for
fabrication at pre-cast, prestressed concrete element factories and in places where the formwork
needs to be removed earlier than required, as in some in-situ scenarios[42][31]. Studies show
that increasing the curing temperatures, even under regulated conditions, can negatively affect
the durability of the cured elements [40][4]. Accelerated curing works under the assumption that
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evaporation of the capillary water [28] is advantageous for strength gain when the capillaries are
still allowed to collapse. This evaporation results in a reduction of the effective water-cement ratio.
When the water-cement ratio is reduced, the porosity decreases and the resultant microstructure
is rendered denser when compared to samples without this controlled evaporation [28]. To better
understand the working of different accelerated curing methods: i) steam curing and ii) curing
with a chemical accelerator are discussed.

2.4 Steam Curing

In this accelerated curing method, the increase in the rate of strength gain is obtained by increasing
the curing temperature with the help of steam. Steam is applied to the concrete element while
the concrete elements are transported through a conveyor belt within special chambers or tunnels
[29, 39]. The influence of high temperatures during the early stages of setting/hardening has
detrimental effects on concrete properties, so heat application through steam should be controlled.
For the application of higher temperatures steam to account for delivery or completion deadlines,
there should be an optimal delay period for the concrete mix so that the elements can handle the
internal thermal stresses [26, 28]. With an optimal delay period of 3-5 hours (primarily the initial
set of a concrete mix), the temperature can be increased up to 66◦C-82◦C. While it is necessary
to increase the temperature at a controlled rate, the cooling rate of the elements should also be
gradual. If this is not the case, there is a possibility of a temperature gradient that might cause
the cracking of the cured elements. Figure 1 shows the stages involved and the corresponding
temperatures in a sample steam curing cycle

Figure 1: Steam curing cycle [28]

From figure 1, for accelerated curing under the application of steam, there is a delay period,
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heating period, retention period and cooling period [26, 28, 45, 16]. These stages in steam
curing are similar to the electric curing method.

2.5 Accelerating Admixtures

An accelerating admixture increases the rate of hydration (setting time accelerator) and increases
the early age strength of concrete. The possibility of an accelerator to affect both setting and
strength should not be neglected [15]. One of the commonly used chemical accelerators are Cal-
cium chloride (CaCl2). Calcium chloride acts as both a setting time and hardening accelerator for
ordinary Portland cement (OPC) and accelerates the reaction between tricalcium aluminate (C3A)
and gypsum along with facilitating the hydration of C3S [36][19]. It should also be noted that
chloride-based accelerators have a potential to cause drying shrinkage, reinforcement corrosion,
discoloration and an increase in possibilities of scaling [8]. Since, CaCl2 promotes reinforcement
corrosion its usage is being reduced and even stopped in countries like UK and other alternatives
such as nitrate and nitrite salts are used as they have a lesser corrosive effect on the reinforcements
[15]. The accelerating effect depends on the cation and anion in the accelerating admixture and
are ranked as follows:

Ca2+ > Sr2+ > Ba2+ > Li+ > K+ > Na+Cs+ > Rb+ (2.1)

Br−Cl− > SCN− > I− > NO−
3 > ClO−

4 (2.2)

The acceleration effect increases with increase in charge and decrease in the size of the ion. Thus,
Ca2+ is more effective than any other cation[15].
Calcium nitrate acts mainly as a set accelerator rather than a hardening accelerator with its
performance based on the type of cement used. It is mainly used in places where reinforcements
are used in concrete in order to reduce the possibility of corrosion. When Ca(No3)2 goes into
solution, the anionic species (NO−1

3 ) results in the formation of AFm phases. It has been found
that these AFm phases resulted in the increased formation of ettringite. In the presence of calcium
nitrate as an accelerator, the heat flow during the induction period increases, hence promoting the
occurrence of the acceleration period and causing the fast hydration of C3S. Calcium hydroxide
(CH) precipitation also happens during the early stages of hydration. This is because of super
saturation of the solution with Ca2+[43, 14] was found that efficiency of Ca(NO3)2 increased with
increase in the belite (C2S) content in cement [37][2][7].

2.6 Retarding Admixtures

Thomas et al. [38] report that retardation occurs from the surface adsorption of a retardant on
a hydration product. When a retarder like sucrose is used, the poisoning of hydration product
surfaces tends to leave the Ca2+ ions along with silicon, hydroxyaluminate and hydroxoferrite ions
at concentrations that would not be present if there was equilibrium in the solution. When there
was treatment with sucrose, the sucrose anion gets incorporated onto the surface of a CSH or CH
particle, thus inhibiting the growth of the particle further [38]. In conclusion, the retarder readily
adsorbs onto the CSH surface and has a high affinity for forming complexes with Ca2+ ions in
the solution, which retards the setting by delaying the formation of hydration products [36].
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2.7 Water Reducers

Water reducers prevent the flocculation of cement particles by increasing the zeta potential on the
surface of particles creating a repulsion between particles having similar charge and magnitude.
They tend to have more affinity to be in the liquid phases rather than combining with solids to
form a chain of hydration products. Reduction in flocculation of cement particles can also be
attributed to steric hindrance, where the adsorption of a non-ionic polymer might result in weaker
forces of attraction between those particles [36].

2.8 Electrical Properties of Mortar

Electrical resistivity is defined as the ability of a material to resist the flow of electricity. The
electrical resistivity is a geometrical-independent material property, i.e., the resistivity of a ma-
terial would approximately be the same value irrespective of its shape and size. Concrete is a
heterogeneous mixture [29, 1] where conduction of current can be of two types: i) electronic
conduction - conduction through conductive materials embedded in concrete such as fibres, ii)
ionic conduction - conduction through ions present in the pore solution. Without the presence of
embedded materials for conduction, the ions in the pore liquid carry the electrical current. More
pore water and larger pore size with high connectivity and lower tortuosity results in lower resis-
tivity values. The resistivity values tend to increase as concrete sets. This increase is due to the
densification of the matrix as a result of the formation of hydration products [31]. The electrical
resistivity of concrete is governed by the microstructure of the matrix, pore structure, porosity,
pore size distribution, the concentration of ions and their mobility in the pore solution. These
factors are, in turn, influenced by water-cement ratio, cement type, degree of hydration, presence
of supplementary cementitious materials, curing, and environmental conditions [32, 4, 46]. The
type of cement that is being used has an impact on pore structure and pore water chemistry
[10]. Sengul et al. [32] reported that OPC has higher resistivity values during the early ages,
and an increase in age limits the increase in resistivity when compared to mixtures produced with
pozzolanic materials. The resistivity also increased with an increase in aggregate content. Mix-
tures containing 16-32mm aggregates had higher resistivity than mixtures with aggregates of size
range 0-4mm. The water-cement ratio, which also has a profound effect on the microstructure,
is inversely proportional to the electrical resistivity, i.e., the higher the water-cement ratio lower
the electrical resistivity. The increase in resistivity due to higher w/c ratios can be attributed
to the coarser and more continuous pore structure. Temperature changes also affect electrical
resistivity, where a temperature increase decreases resistivity and vice-versa. With an increase
in temperature, the viscosity of fluid decreases and increases the mobility of ions in the pore
solution resulting in a decrease in resistivity. Since the pore water acts as an electrolyte with
lower resistivity when compared to the solid matrix, the moisture content is an important factor
affecting the electrical resistivity of concrete. The electrical resistivity increases with a decrease
in moisture content and vice versa [43].

2.9 Electric curing

Concrete samples are subjected to current flow, or voltage potential is set across them in this
curing method internally or externally. This application of the current through the concrete
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samples increases the concrete’s temperature and generates heat within the concrete samples.
Electric curing can be categorised into two types: The semi-Direct curing method uses cheaper
heating elements or reinforced concrete reinforcement as heating elements. The voltage applied
in this method is low due to the restrictions posed by the ’heating element’. When reinforcements
are used to supply current to the sample, the area of concrete that can be heated is comparatively
low when heating elements or electrodes. Direct curing uses external electrodes to pass current
through the concrete. When this is done, the concrete acts as a heating resistor —in other words,
the concrete experiences ohmic heating [12]. Direct electric curing is used for pre-cast elements
and repairs with low environmental temperatures [16, 24]. In any accelerated curing method, the
optimum range of temperatures would be between 60◦C-80◦C, [24, 39, 20, 40]. The duration
of exposure to a specific temperature range, the mix type, and the rate of increase of curing
temperature are some parameters to be considered for an accelerated curing method. In the case
of electric curing, the temperature variance is brought about by varying the current or the voltage
across the samples [40, 34].

2.9.1 Curing Regimes

The current regimes depend on the current type used for the electric curing process. Electric
curing is usually done under 1A/m2 to 70A/m2 [15, 36], or the curing cycle is calculated based
on the power required to increase and maintain the temperature to accelerate curing [16]. If the
current type is direct current, there is a constant current source, meaning that the current is
kept constant, and the voltage is not regulated as the resistance of cementitious materials varies
with time. Electric curing mainly utilises AC as the common current type to counter the effects
of using DC, predominantly polarisation, in the presence of a dipole like water [13]. The power
source used for AC is the power outlet we generally have in buildings but the voltage is stepped
down using a transformer and regulated with a variac, and the necessary voltage required is used
in the curing process [16, 13]. Uygunoğlu et al. [40] reported that 40V and 60V are the optimum
voltage intensities for curing a concrete element of size 10cm x 10cm x 35 cm considering the
strength development and setting times of mixes with varying cement content.

2.9.2 Polarisation

Polarisation is the change in potential from its equilibrium state [cite]. Polarisation occurs when
an electrolyte is subjected to the flow of current. The polarisation of the electrodes occurs due
to the transfer of ions from the electrolytic solution to the electrode. Due to this, a charge
build-up near the electrode’s surface resists the current flow, resulting in an added potential
difference. This polarisation effect of charge build-up near the electrode generates a back-EMF
[13]. When direct current is passed through an electrolyte, an EMF (electromotive force) is
developed between the electrode and the electrolyte, which opposes the current flow and is called
back-EMF. EMF is the electric potential between two electrodes in a cell. This local electric
field formed due to polarisation causes an increase in resistivity measurements with time [43].
This measurement discrepancy can be countered by using alternating current, provided that the
magnitude of positive and negative cycles of alternating current is the same with no phase shift.
The magnitude of the AC cycle (positive and negative) changes depending on the AC frequency
[14]. Along with the polarisation of the electrodes, the polarisation of the bulk electrolyte can
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also occur due to aligned charged particles and dipole molecules in the direction of the current
flow [13].

2.9.3 Mechanism of Electric Curing

The current need not be applied to the samples for the entirety of the chosen curing cycle period.
Minimal time and energy should be critical features of a curing process. Thus, the curing revolves
around a heating cycle, which consists of the following stages:

1. Pre-heat storage period

2. Heating up period

3. Isothermal period

4. Cooling period

In the pre-heat storage period, the cementitious element is allowed to undergo its natural curing
to ensure sufficient resistance to the forces exerted when there is heat development due to the
application of current. These forces are generated due to the difference in thermal expansion
coefficients of the materials in the cementitious material. When the mixes are heated up without
the pre-heating storage time, it results in a sample with a porous microstructure and a lower
compressive strength. The current can be applied as soon as the mix is cast in the moulds in
electric curing. But it has to be kept in mind that the moulds should not be excessively heated
as soon as the mix is placed in the mould. Since the heat is generated from within the concrete
during its fresh state, the thermal expansion of entrapped air is countered as the mix is still in its
fluid-plastic stage. It is always best if the elements/samples are allowed to follow their natural
cure initially before heat administration [16, 13]. Usually, the concrete specimen is allowed to
undergo natural curing for 3-5 hours before the heat treatment [9].
This stage is followed by the heating cycle involving the heating up of the specimen by the passage
of current through it. The duration and the intensity of heating depends on the equipment,
method of heating, thermal properties of the mix and mould construction. The heating is done
only for a few hours, which is the reason for using this curing method. The heating is gradually
started at a slower rate, and the heating rate can be increased but should not exceed 20◦C/h.
Isothermal period is a key area in the heating cycle. Once the temperature in the concrete
reaches the required maximum, from that point, the temperature needs to be maintained so that
curing can occur efficiently. The idea of electric heating is to not keep on increasing the internal
temperature of the cementitious material but to maintain it at a steady state by included the
dissipation of heat and other losses. The dissipation of heat depends on the surface moduli of
the specimen which in turn depends on the geometry and the size of the specimen used. It can
be expected that concrete can retain the heat that is generated in the heating phase so sudden
spikes of current for a shorter time interval is also enough to maintain the temperature within
the recommended range of internal temperatures. Through various research, it has been found
that the maximum internal temperature of the concrete should not exceed 80◦C and that the
optimum range is between 60◦C and 80◦C [16][41].
The cooling phase is useful if the specimens are adequately insulated to retain the heat for quite
some time before they are exposed to the environment. Though not part of the heating cycle,
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care should be taken to avoid rapid cooling of the specimen during and after the isothermal cycle
ends [16][41].

2.10 Effects of Electric Curing on Concrete Properties

2.10.1 Compressive Strength

The primary motivation for using accelerated curing methods is to achieve a higher early-age
compressive strength of the concrete element, and increasing curing temperatures increase early
strength development [28] [13][40][34][9][44][6]. Though elements cured by electric curing have
higher early-age compressive strengths are higher than elements cured under standard tempera-
ture conditions, there is quite some scattering in the results concerning the 28-day compressive
strengths. The 28-day compressive strength depends on the current regime. A higher current
regime (in terms of intensity and length of curing) might not necessarily have the highest 28-day
compressive strength. At the same time, the samples subjected to a lower current regime need
not have the lowest compressive strengths [13][40][34].

2.10.2 Setting Time

Uygunoğlu, T. et al. [40] reported a decrease in setting time with increasing voltage intensities.
The heat generated due to the passing current would enhance the hydration resulting in the
formation of solid products, which in turn harden the mix. The temperature peak coincides with
the point (time) when the final set occurs [40].

2.10.3 Porosity

Bajza A.et al. [3] compared heat-treated samples with control samples (cured under standard
conditions) and reported that the increase in the intensity of the heat applied to the specimen
results in a coarser microstructure. Kjellsen, K. O.et al. [17] reported that the higher the
curing temperature, the higher the volume of total porosity and larger pores in a specimen. A
higher volume of large pores makes the specimen more prone to the permeation of contaminants
such as chlorides, causing durability issues. Applying heat for curing reduces the diffusion of the
individual cement particles and results in the non-uniform distribution of hydration products within
the matrix. These render the samples more coarse microstructure than moist cured samples. The
uneven distribution of hydration products and the specimen’s increased porosity are not suitable
for the durability performance of concrete [9].

2.10.4 Ettringite Formation

Though not an immediate outcome of accelerated heat curing techniques, this is becoming a point
of study in recent years. The ettringite formed during the initial hydration of cement gets broken
down into sulphate and aluminate ions due to applications of higher levels of heat for curing. Over
time, moisture penetration into the concrete specimens results in delayed ettringite formation.
By this time, the cementitious specimen has a packed microstructure and higher strength, and
the formation of new products can not be accommodated as it would require space. Delayed
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ettringite formation combined with alkali-silica reactions, freeze and thaw, causes durability issues
[9][47].

2.11 Summary and Outlook of Literature Study

In this chapter, curing at elevated temperatures and a brief about a few accelerated curing
methods have been presented. The main focus of the literature study is to give a detailed insight
into electric curing and its working mechanism with respect to the electrical properties of concrete,
the conventional curing cycle, and the effect it has on the material properties of concrete. Electric
curing has both positive and negative side effects, where increased early-age compressive strength
and acceleration of the hydration process add to the former, while increased porosity, decreased
long-term strength, and delayed ettringite formation add to the latter. Along with electric curing,
the mechanism of cement hydration with time and the effects of admixtures on concrete mixes
have also been briefly discussed. The literature study also reports assessing the setting time of
samples undergoing electric curing with temperature evolution.
The application of current to fresh concrete, surpassing the pre-heating storage period, and its
effects on concrete samples require a detailed review. Depending on the outcomes of the current
study, the usage of current to alter setting time can be discussed. For this purpose, the following
areas have been investigated:

• Setting up of an electrical curing setup which accommodates direct current, alternating
current and pulsed direct current

• Experimental tests to assess the setting time of cement mortar subjected to electrical
treatment with direct current or alternating current or pulsed direct current

• Experimental methodology to quantify the compressive strength and resistivity of cement
mortar samples subjected to electrical treatment

• Study the correlation of setting time with experimental data, such as temperature evolution
during the curing period.

The aspects mentioned above are dealt with in the subsequent chapters.
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3 Experimental Study

3.1 Outline of the Experimental Study

This chapter covers aspects of the properties of the materials used in this research and the
methodology adopted to prepare the samples used as both control and electrically cured specimens
and to assemble the setup for curing. The test setup and its functioning when the samples are
subjected to different currents and curing regimes are described.

3.2 Sample Preparation

The mix used for this research is similar to the one used in studying the effects of stray current
on hardened cement mortar samples [34]. For this purpose, CEM-I (42.5N) cement (Table 1)
was chosen with a cement: sand ratio of 1:3 and a water-cement ratio of 0.5 was adopted.

Chemical Compound Percentage (%)
CaO 63.9
SiO2 20.6

Al2O3 5.01
Fe2O3 3.25
SO3 2.68
K2O 0.65
Na2O 0.3

Table 1: CEM-I-42.5N - Chemical Composition

The particle size distribution of the fine aggregates are as follows:

Particle size Weight percentage (%)
2mm-1mm 33

1mm-0.5mm 34
0.5mm-0.25mm 21
0.25mm-0.1mm 12

Table 2: Particle size distribution of fine aggregates

The samples that were cast were 40x40x40 mm3 mortar samples. The samples were cast in silicon
moulds in order to accommodate the Ti-MMO meshes (Figure 2) that are to be placed in the
sides of the mould to act as electrodes for application of current through the samples.
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Figure 2: Ti-MMO Mesh

Figure 3: Mould setup for the setting time test

Masters Thesis 20



Figure 4 shows a cube sample that is electrically cured.

Figure 4: Cube specimen subjected to electric curing

Materials Weight (grams)
Cement 357.26

Fine aggregates 1071.78
Water 178.63

Table 3: Material weight

Fine aggregate size distribution Weight in grams
2mm-1mm 353.68

1mm-0.5mm 364.40
0.5mm-0.25mm 225.07
0.25mm-0.1mm 128.61

Table 4: Fine aggregate weight distribution

Mixing was done using a Hobart mixer. First, the aggregates were put in the mixer for about
30 seconds to get a homogeneous mix of the aggregates as they were separately weight-batched.
The mixer was stopped, and the cement was added to the aggregates. After 2 seconds of mixing
the aggregates and cement, half the quantity of water weighed was added to the mixture of
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aggregates and cement. This time is noted down as T0, later used to estimate the setting
time. Mixing is done for an additional 2.5 mins, and the rest of the water is added. When an
accelerator* is used, it is mixed with the second half of the water and added after 2.5 mins. In
entirety, mixing was done for 4 mins, which was maintained for the preparation of all samples.
*(The accelerator, CUGLA-HA-20, used is a chloride-free hardening accelerator whose effective
ingredient is nitrates. The accelerator comes with a 50% concentration. The accelerator was
mixed with the mixing water while adding it to the cement mortar. The maximum recommended
use is 3% relative to the cement content used. The minimum percentage, as per product speci-
fications, is 0.2%.)
For our experiments, the mean value of 1.6% and a maximum value of 3% is chosen for addition
to the mixture. The conventional setting time, frustum mould, was not used for the setting
time test. Instead, the cube mould was used for the compression testing purpose was used. The
standard vicat is frustum shaped to allow the mixture to flow and settle. In the standard test,
the mixture is compacted by hand after it is poured. The flow and compaction by hand are not
possible when the cube mould is used. The flow is restricted because of the geometry of the
mould, and compaction by hand is not advisable as it would displace the electrodes. To account
for the restricted flow and compaction, after pouring the mix, the moulds are compacted for a
short duration of 3 seconds on a vibrating table.
The samples to be electrically cured are subjected to curing exactly after 15mins after adding
water to the mix to maintain uniformity while noting the setting time readings. The specimens
are subjected to electric current for 6 hours. A 6-hour curing cycle was chosen as the setting
time for the CEM-I cement mortar takes roughly 6 hours measured using the standard Vicat
(conventional mould) and the Modified Vicat (box mould in figure 3.
Also, considering shifts in the prefab industries, which should be 6-8 hours [41], a 6-hour curing
period would be a wise choice when we look at the industrial application.

3.3 Curing Setup

The different types of currents are generated with different power sources and with a few additional
components, which will be addressed in the subsequent pages. The main components of a curing
setup are shown below:

1. Power Supply Unit (PSU) 1 Variable power supply, 0 - 32 V DC, 0 - 2 A

2. Power Supply Unit (PSU) 2 Fixed power supply, 15 V DC, 2 A

3. Switching Box High-speed MOSFET switch with current and voltage sensors, 1.5 kHz

4. Variac Variable Transformer, 0 - 230 V AC, 50 Hz

5. Transformer Box Fixed Transformer, 230 V AC → 80 V AC, 50 Hz

6. Current Control Printed Circuit Board (PCB) Resistance-based current control board

7. Analog to Digital Converter (ADC) Box Converter to feed all analog signals into the
computer
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8. Thermocouples Type K thermocouple, -40 - 1100 °C, Nickel Chromium/Nickel Alu-
minium, stainless steel sheath

9. Electrodes Titanium mixed metal oxide meshes

The setup for conventional electric curing (AC) [13]consists of:

(a) Power Supply

(b) Transformer

(c) Variac

(d) Electrodes

(e) Samples

The power supply is alternating current - the conventional output we get from our daily power
sockets. But this power source has a voltage of 240V at a frequency of 50Hz. This voltage needs
to be stepped down to regulate the voltage across the sample. The former is done with the help of
a transformer and the latter by a Variac. To measure the voltage, current and power, a voltmeter,
ammeter and wattmeter are connected across and in series, respectively. The electrodes usually
used are steel plates attached to the sample sides, and the voltage required is applied across the
samples [13].
Setup for curing in this research: For this research, both direct current and alternating
current are applied across the samples to find if they can accelerate the setting of the samples
and also to analyse other material properties. A few changes from the conventional method are
brought about to accommodate the usage of both types of current.

1. There is no physical voltmeter, ammeter or wattmeter. All the readings are taken with the
help of a PCB and a computer.

2. The electrodes used here are Ti MMO meshes and not plates.

3. In most electric curing setups, the samples are not secluded from the environment. Since
we are measuring the setting time by applying electric current, the heat generated is used
as much as possible by placing the samples in a Styrofoam box. The sample isolation helps
us know how the heating of the sample accelerates the setting time.
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3.3.1 Direct Current

Figure 5: Direct current curing setup
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In figure 5 the power supply is a current-controlled direct current supply source. A constant
current source is used to have constant current density across the sample. If, in this case, a
voltage control source is used, then the voltage required to have the same current density would
increase with the increase in resistance, in other words, with an increase in time.
The electrodes are Ti-MMO meshes and not steel plates since the current densities we have
chosen (Table 5) would result in the corrosion of the steel plates. Steel would have been a choice
if the current had to be applied for a shorter time or if the current intensity was low. But the
current application period is 6 hours, and hence there is a chance that corrosion might occur.
Titanium mesh is used as electrodes to avoid the possibility of corrosion and debonding.
The DC power supply was connected to the current control PCB; from there, it is connected to
the USB ADC and then to the computer with the recording software.
Table 5 shows the DC regimes adopted for the curing cycles

Current Density (A/m2) Current (mA)*
5 8
10 16
20 32

Table 5: Direct current regimes

[*Note: Since the sample has a cross section of 40mm x 40mm, the current that needs to be
applied across the sample is obtained by multiplying the current density and the area of cross
section of the sample (A=0.0016m2). Also, 1A=1000mA]
These current regimes were chosen to keep in mind the current densities that can be applied and
replicate the regimes used for cathodic protection, especially in the initial stages of the cathodic
protection regime [5].
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3.3.2 Alternating Current

Figure 6: Alternating current curing setup
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Figure 6 shows the curing setup that uses alternating current. The alternating current setup
(Figure 6) is similar to the conventional setup (Power source –> Variac –> Transformer –>
Samples) [13]. In the existing setup, input voltage, current, and voltage across the samples are
taken with the help of a PCB and software. A transformer is used to step down the voltage from
the power source, and a Variac is used to regulate the voltage. The software records the reading,
but voltage regulation is made manually.
The electrodes used here are also Ti-Mesh. In this case, steel plates could have also been used as
the chances of corrosion due to alternating current are less than the DC regime. But, to maintain
uniformity across the experiments, the electrodes were not changed.
A set of voltage regimes was chosen to be kept constant throughout the 6 hours of treatment
period are shown in Table 6.

Voltage (V)*
5
10
15

Table 6: Alternating current regimes

3.3.3 Pulsed DC

Pulsed Direct current was chosen to reduce direct current effects on the sample (hydrogen gen-
eration, polarisation). Both DC and pulse DC is not generally used for curing. Since the effect
it has on the setting is a key area of the research, pulse DC is not a regularly used current type
in the civil industry. The curing setup had to be updated compared to the above setups for the
direct and alternating currents, as shown in Figure 7
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Figure 7: Flowchart of Pulsed direct current curing setup
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In Figure 7, the power supply unit is a direct current supply unit, and the power supply is connected
to a switch box. This switch box makes it possible to disconnect the circuit for a short time to
generate the pulse. Since the chosen frequency is high (1500Hz) for regular switches, a special
switch was chosen. This switch needs to be powered by a 15V source to function. So the power
supply unit is connected to the switch box, which is connected to the Current PCB to supply
current for the samples. The current PCB and USB PCB are connected so the software can
record the current and voltage intensities of the pulse generated along with recording the current
and voltage across samples.
The current regime chosen is similar to the direct current regimes to bring about a common
comparison point between the two types of current and is shown in Table 7

Current Density (A/m2) Current (mA)*
5 8
10 16
20 32

Table 7: Pulsed Direct Current regimes

The frequency determines the pulse duration, and how long the pulse acts on the sample is
determined by the duty cycle. The duty cycle is the ratio of time when the circuit is loaded, i.e.,
ON, to the time of one cycle, i.e., OFF+ON). In our case, the duty cycle chosen is 25%.
Since the frequency is 1500Hz, the duration of one pulse is f = 1

T
where T is the time period,

so the time period in our case is T = 1
f
= 11500 = 0.666ms. With a duty cycle of 25%, the

duration for which the current is on i.e., the duration for which the current is acting on the sample
is 25% of the time period.

Ton = 0.25 ∗ 0.666 = 0.166ms (3.1)

Masters Thesis 29



3.4 Behaviour of Voltage and Current

3.4.1 Direct Current

The current and voltage trend of 16 mA current i.e., 10 A/m2 is shown in Figure 8.

Figure 8: Voltage and current trend for 10A/m2

The behaviour of the 5 A/m2 and 20 A/m2 voltage and current is similar with obvious changes
in magnitude, are also subject to voltage and current fluctuations.
In Figure 8,the current and the voltage are subject to fluctuations throughout the application
of current till the setting time occurs. The fluctuations are present as the current is controlled
manually and once the current is set with the resistors on the current PCB, it takes a few seconds
to stabilise and hence, the minute disturbances or noise.

3.4.2 Alternating Current

The current and voltage trends for the 10V regime is shown in Figure 9.
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Figure 9: Voltage and current trend for 10V

The measurements recorded are the range values (i-e., peak to peak values of the voltage/current
wave) which is given by VRANGE and IRANGE respectively. In order to calculate the voltage,
we need to take the Root Mean Square value (RMS), VRMS. To calculate this value, we take a
value from range (Vrange) and put it in the equation shown below:

VRMS = Vrange ∗ 0.5 ∗ 0.707 (3.2)

The factor 0.707 is a factor that is used to find out the mean of the sine wave (Literature) This
conversion is also applied to current.

IRMS = Irange ∗ 0.5 ∗ 0.707 (3.3)

The voltage and the current trends are similar for the other two regimes except for the changes
in magnitude and fluctuations or noise. We can see that the current increases, reaches a peak
value, and decreases as time increases. With the hardening of the mortar, the voltage applied
across the sample no longer generates the same current as it did earlier, i.e., with an increase in
resistance, the current reduces for the given constant value of voltage.
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3.4.3 Pulsed Direct Current

The voltage and the current graphs are shown in Figure 10, for the 10A/m2 pDC regime:

Figure 10: Voltage and current trend for 10A/m2 pulsed direct current

From Figure 10, the voltage and the current behaves similarly to how both would behave in the
case of the 10A/m2 direct current regime. In Figure 11, we can see the pulse behaviour of voltage
and current.
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Figure 11: Voltage and current trend for 10A/m2 pulsed direct current

You can see that the current scale shows a peak value of 65mA, and then the pulse drops to
almost zero. When we take the mean values from the pulse for one second, we get 16mA. This
is how a pulse works, i.e., if we take one second and consider the duty cycle of 25%, the load on
the circuit is ON (and subsequently the voltage) for 25% of 1 second and OFF for the rest 75%
of one second.
We can see in Figure 11 (circled) that even when there is no current, there is a voltage value, but
this is not possible, and the ‘lag’ in the voltage is because of the measurement card used to take
the reading from the USB PCB and send it to the PC. The measurement card uses multiplex
channelling. A multiplexing channel means there are 5 channels from which readings must be
taken. The card moves from one channel to another in sequential order. Since, in our case, the
sampling rate (the number of values noted per channel) and the total number of channels are
high, generating the values on the graphs is delayed.
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4 Testing Specimens

4.1 Outline

This chapter discusses the methodology adopted for the experimental work and the working of
the equipment used to collect data.

4.2 Setting Time

According to EN-196-3-2016 [27], the principle of the setting time test is "The setting time is
determined by observing the penetration of a needle into a cement paste of standard consistency
until it reaches a specified value". Since a modified vicat setup is adopted in this research,
referencing had to be done to justify why and if the modified Vicat would have a reliable output.
The Manual vicat apparatus that was used for this study is shown in Figure 12:

Figure 12: Voltage and current trend for 10A/m2 pulsed direct current

In this study, the setting time of mortar is tested. For this, the mixture is prepared as mentioned
in the sample preparation. The cement, aggregates and water are measured to an accuracy of
(±)1 g using a balance and are mixed using the HOBART mixer. Before mixing, the mould with
the base plate is used to calibrate the vicat apparatus so that the penetration readings are mostly
accurate. After the calibration, the mixing procedure is started (Refer to appendix A).
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4.3 Modified Vicat

Changes were made to the conventional vicat apparatus, and the accuracy of the results was
verified by using the conventional vicat test as a reference point.
The following were the changes:

1. The mould being a frustum, is not used as the current lines were not expected to be uniform
as we would expect in a rectangular mould. This conventional mould has an open-ended
base, so the attachment of the electrodes is not possible. So, the mould chosen was the
rectangular mould used for casting cubes for the cube-compression test. This cube mould
also neglects the differences (if there were any) between the samples tested for compression
and the samples used for setting.

According to EN-196-3-2016, the mould that can be used should be of depth 40mm and
should be referenced with the conventional method.

The standard frustum mould would allow space for the flow of the mortar, and minimal
compaction is sufficient. However, for the box mould, compaction had to be done on a
vibrating table: (i) to allow levelling of the mortar, (ii) to avoid clumping of the mortar
on the top, (iii) box mould having confined space would not allow the mortar to flow into
the mould given the consistency of our mix. Figures 13 and 22 show the box mould with
a non-porous glass plate with and without electrodes respectively.

Figure 13: Box mould without electrodes
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Figure 14: Box mould with electrodes

2. Data points – The data points in a conventional test would be around 23 (for the time
interval and the mix that we have chosen for the conventional test); since a smaller surface
area is available for obtaining the data points, there is a possibility to take only 9 (45min
time interval) readings. The reproducibility of the results can be ensured by increasing the
number of setting time trials with the box mould. Another essential aspect would be first
comparing the results of the conventional and modified tests to see how much the results
vary between the two moulds. The comparisons were made, and deviations were such that
results were almost similar between the conventional and modified methods.

3. When setting would not occur under specific current regimes, the interval between the last
3 points was changed to 90mins (from the chosen 45 minutes). The mould depth of 40
(±)3 mm was assured by placing a base plate made of glass at the bottom of the mould
to replicate the non-porous base in the conventional method. The effective height was
checked to be 40mm while the calibration was done to ensure the accuracy of the results.

The sample preparation (weighing, mixing) is similar to what was adopted in the conventional
tests. The only inclusion was that of the vibration for 3 seconds. Before the readings are taken,
the vicat apparatus must be calibrated according to the mould and the base plate used.
For both conventional and modified setting time tests, the sample was stored in a styrofoam box
for seclusion from the environmental factors as much as possible. It was done to minimise the
loss of heat generated during the curing process.
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4.4 Compression Test (1D, 3D and 7D)

The compression test is done on 40x40x40mm cubes similar to the ones used for the setting time
test and was carried out using an automated compression testing machine. The rate of loading
chosen was 1kN/s, and the start load was 100kN. The electrically cured and reference samples
were tested at 1,3, and 7 days to study the early age compressive strength. The electrically cured
sample was kept in a temperature and humidity-controlled room after being subjected to the
curing cycle of 6 hours, with reference samples being kept in the curing room after de-moulding
them at the end of one day and were later tested for 3- and 7-day strengths.

4.5 Resistivity Measurement

The electrical resistivity of the cube samples, electrically cured and reference, were taken through-
out the setting of the samples. The resistivity measurements were done through a 2-pin method
(pins here refer to the Ti- MMO electrodes). An alternating current source of 1mA and 250Hz
was used along with a multimeter to measure the voltage reading of the sample. The resulting
voltage measurement obtained can then be translated to finding the resistance and, subsequently,
the resistivity of the sample using the formula:
ρ = R ∗ A

l
, where R is the resistance at that particular instance which is given by R = V

I
,

V →voltage(V ), I→current(A), A is the area of cross-section of the sample (Here A =
0.0016m2), l is the length of the sample (l = 0.04mm)
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5 Results

5.1 Overview of results

The setting times of each electrically treated and control sample have been represented in graphs
and tabulated at the end of each current regime type (DC, AC and pDC). Following the setting
time results, the compressive strengths of electrically treated and control samples for one day,
three days and seven days have been represented in graphs. Three cubes were cast for the
compressive strength test, and the average values of their compressive strengths were taken to
represent the results. The effect of accelerators and electric treatment with the 15V AC regime
is also investigated.
Resistivity readings, along with the setting time curves, have been presented as graphs. The
temperature of the samples was measured using isolated thermocouples and has been represented.
The voltage and current values were recorded in a computer through a USB print control board
(PCB). Electrical data such as charges, power, and energy were calculated with these values.

5.2 Setting Times

5.2.1 Direct Current Setting Times

In this section, the setting times of mortar subjected to 5A/m2, 10A/m2 and 20A/m2 DC
regimes are represented in Figure 15. An overview of these results is presented in Table 8. The
DC setting times are compared with the setting time of the control specimen, where the control
specimen is allowed to set without the application of current.
Table 8 gives a summary of the setting times obtained from the modified vicat test for the
different DC regimes

Regime Initial setting time (mins) Final setting time (mins)
Vicat (Control) 165 360
Box (Control) 170 405

05 A/m2 202 405
10 A/m2 145 405
20 A/m2 138 405

Table 8: Setting times obtained from modified Vicat apparatus testing for the DC regimes
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Figure 15: Setting time curves of samples subjected to direct current regimes

From figure 15 and Table 8, the influence of direct current on setting time is visible compared to
the control curve. In figure 15, a reference line of y=35 is provided and is used for graphically
obtaining the initial setting time from the setting time curves i.e., the intersection between the
y=35 and the setting time curve is projected to the x-axis, and this x-intercept value is taken
as the initial setting time.T1,T2 and T3 in Figure 15 refer to the setting time trials 1, 2 and 3
respectively under this case. Box control is the curve that gives the setting time curve of mortar
subjected to no current. The initial and final setting times for the mortar using the conventional
vicat mould are 165 minutes and 360 minutes, respectively. The initial and final setting time of
the mortar using the box mould is 170 minutes (3 sample average) and 405 minutes, respectively.
There is a difference between the setting times for the mortar in different moulds. The initial
and final setting time of the box mould has an overestimation of 9% and 12% respectively when
compared to the conventional vicat mould. The setting time curves of 10 A/m2 and 20 A/m2

show that the rate of setting is significant when compared to the control curves. But, this does
not hold true for the 05 A/m2 setting time curves. The initial setting times obtained from the
curves for the 05 A/m2, 10 A/m2, 20 A/m2 regimes are 202,145,138 minutes respectively while
the final setting times were 405 minutes for all the samples cured with DC regimes.
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5.2.2 Alternating Current Setting Times

This section consists of the setting times of mortars subjected to alternating current regimes of
5V, 10V and 15V, respectively, as represented in Figure 16. A summary of the initial and the
final setting times is presented in Table 11.

Figure 16: Setting time curves of samples subjected to alternating current regimes

Table 9 gives an overview of the setting times of the respective current regimes.

Regime Initial setting time (mins) Final setting time (mins)
Box (Control) 180 405

5V 162 405
10V 139 270
15V 94 180

Table 9: Setting times obtained through modified vicat apparatus for AC regimes AC regimes

In Figure 16, a reference line of y=35 is provided and is used for graphically estimating the initial
setting time from the setting time curves i.e., the intersection between the y=35 and the setting
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time curve is projected to the x-axis, and this x-intercept value is taken as the initial setting
time. T1,T2 and T3 in Figure 16 refer to the setting time trials 1, 2 and 3 respectively under
this case. Box control is the curve that gives the setting time curve of mortar subjected to no
current. Figure 16 and Table 11 show a clear difference in the final setting times of mortar with
increasing voltage intensity. The average initial and final setting time for the 5V regime is 162
minutes and 405 minutes, respectively; for the 10V regime, it is 139 minutes and 270 minutes; for
the 15V regime, it is 94 minutes and 180 minutes, respectively. Comparing the 15V electrically
cured specimen, which show a drastic reduction in setting time, and control setting times from
figure 16 and Table 11, the initial and final setting times are decreased by 47.2% and 55.5%,
respectively. The initial setting time of the sample subjected to the 5V regime decreases by 10%
compared to the control specimen and there is no difference in the final setting time. Comparing
the 10V specimens and the control, the initial setting time is decreased by 22.7% while the final
setting time is decreased by 33.3%. This decrease could be due to the temperature evolved due
to the intensity of voltage applied across the sample.

5.2.3 Alternating Current- 15V (Accelerator) Setting Times

The setting time of mortar with different accelerator percentages subjected to a 15V alternating
current regime is presented in Figure 17 and Table 10.

Figure 17: Setting time of cement mortar with chemical accelerator subjected to 15V AC
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Table 10 gives an overview of the setting time of mortar with accelerators subjected to 15V AC.

Accelerator concentration Initial setting time (mins) Final setting time (mins)
1.6%-15V 90 135
3%-15V 90 135

1.6%-control 160 315
3%-control 110 270
15V-control 94 180
Box control 180 405

Table 10: Setting times obtained through modified vicat apparatus for AC+accelerator

In Figure 17, a reference line of y=35 is provided and is used for estimating the initial setting time
from the setting time curves i.e., the intersection between the y=35 and the setting time curve
is projected to the x-axis, and this x-intercept value is taken as the initial setting time.T1,T2 and
T3 in Figure 17 refer to the setting time trials 1, 2 and 3 respectively under this case. Box control
is the curve that gives the setting time curve of mortar subjected to no current. From Figure
17 and Table 10, the decrease in the setting time as a result of combining an accelerator and
current is visible. The initial and final settings of specimens subjected to 15V and accelerators
(both 1.6% and 3%) are 90 minutes and 135 minutes, respectively. The control specimens with
accelerator percentages of 1.6% and 3% have initial setting times of 160 and 110 minutes and
final setting times of 315 and 270 minutes respectively. On comparing with the setting times of
the 15V AC regime without the accelerator, both mortars with accelerators show reduced initial
and final setting times. The decrease in initial and final setting time could be because of the
accelerator and the influence of the voltage across the sample, respectively. There is a 33.3%
decrease in initial setting time when the accelerator is used when compared with the box control
specimen (without current and accelerator).

5.2.4 Pulsed Direct Current Setting Times

The setting times of mortar subjected to the pulsed direct current regimes of 5A/m2, 10A/m2

and 20A/m2 are represented in Figure 18. An overview of the setting times is presented in Table
12.
Table 11 gives a summary of the setting times presented in figure 18.

Regime Initial setting time (mins) Final setting time (mins)
5 A/m2 170 450
10 A/m2 153 450
20 A/m2 144 495

Table 11: Setting times obtained from modified vicat apparatus for pDC regimes
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Figure 18: Setting time curves of samples subjected to pulsed direct current regimes

In Figure 18, a reference line of y=35 is provided and is used for estimating the initial setting time
from the setting time curves i.e., the intersection between the y=35 and the setting time curve is
projected to the x-axis, and this x-intercept value is taken as the initial setting time.T1,T2 and T3
in Figure 18 refer to the setting time trials 1, 2 and 3 respectively under this case. Box control is
the curve that gives the setting time curve of mortar subjected to no current. From Figure 18 and
Table 12, the initial setting time for 5A/m2, 10A/m2 and 20A/m2 regimes is 170 minutes, 153
minutes and 144 minutes respectively, while the final setting time of the 5A/m2 and 10 A/m2 is
450 minutes, the final setting time of the 20A/m2 regime is 495 minutes. Comparing the setting
time results without the influence of current (control box mould) and the pDC regimes, the final
setting times are increased by 11.1% for 5A/m2 and 10 A/m2, while a 22.2% increase is seen
with the 20A/m2 regime while the initial setting times of 5A/m2, 10A/m2 and 20A/m2 show a
decrease of 5.5%, 13.8% and 19.44% respectively.

5.2.5 Compressive Strength

In figures 19,20 and 21, the control sample is subject to no current. While DC-05, DC-10 and
DC-20 refer to the 5A/m2, 10A/m2 and 20A/m2 DC respectively, AC-05V,AC-10V and AC-15V
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refer to the 05V, 10V and 15V AC regimes respectively. pDC-05, pDC-10 and pDC-20 refer to
the 5A/m2, 10A/m2 and 20A/m2 pDC regimes respectively
The one-day compressive strength of the DC, AC and pDC regimes obtained by following the
research methodology is reported in Figure 19.

Figure 19: 1-day Compressive strength of all the curing regimes

Figure 19 shows the variation in compressive strengths, along with the standard deviation, of each
current regime used in this study. The 1-day compressive strengths of control (without electric
curing), 5A/m2, 10A/m2, and 20A/m2 DC regimes are 6.85MPa, 7.48 MPa, 6.63 MPa and 5.31
MPa, respectively, while for 5V, 10V and 15V AC regimes, it is 6.57 MPa, 9.58 MPa and 11.5
MPa respectively. For the pDC regimes of 5A/m2, 10A/m2 and 20A/m2, the strengths are 5.06
MPa, 5.02 MPa and 7.32 MPa, respectively. The samples subjected to the 15V AC regime have
the highest compressive strength, while the 10 A/m2 pDC has the least compressive strength.
The AC regimes show an increase with an increase in voltage intensity, while the DC regimes
show a decrease in one-day strength with increasing current density values. The pDC regimes of
5A/m2 and 10 A/m2 have similar one-day compressive strengths, but 20 A/m2 has an increased
compressive strength compared to the other pDC regimes. The DC and pDC and the 5V AC
specimens have similar one-day compressive strengths in the range of 5MPa - 7.5MPa
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Figure 20: 3-day compressive strength of all curing regimes

Figure 20 shows the variation in 3-day compressive strength between the different current curing
regimes. The 3-day compressive strength of 5A/m2, 10A/m2 and 20A/m2 DC regimes are 14.1
MPa, 13.8 MPa, and 13.7MPa, respectively, while for the AC regimes of 5V, 10V and 15V, it
is 18.0 MPa, 15.1 MPa and 14.2 MPa respectively. The pDC regimes of 5A/m2, 10A/m2 and
20A/m2 have a 3-day compressive strength of 14.7 MPa, 14.865 MPa and 11.7 MPa, respectively.
The strength of the control specimen is 12.4 MPa The highest compressive strength is that of
the 5V AC regime, and the lowest is of the 20 A/m2 pDC regime. In the DC, AC and pDC
regimes, with the increase in current density/voltage intensity, there is a slight decrease in the
compressive strength due to microstructural damage that occurred during the electric curing of
the samples.
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Figure 21: 7-day compressive strength of all the curing regimes

Figure 21 shows the compressive strengths of the different curing regimes used in the methodology.
The 7-day compressive strength of the control, 5A/m2, 10A/m2 and 20A/m2 DC regimes are
21.2 MPa, 19.6 MPa, 18.9 MPa, and 18.9 MPa, respectively, while for the AC regimes of 5V,
10V and 15V, it is 22.8 MPa, 19.9 MPa and 18.8 MPa respectively. The pDC regimes of 5A/m2,
10A/m2 and 20A/m2 have a 7-day compressive strength of 20 MPa, 20.3 MPa and 21.2 MPa,
respectively. The highest compressive strength is that of the 5A/m2 DC regime, and the lowest
is of the 15V AC regime. In the DC and AC regimes, the 7-day strength tends to decrease
with increasing current density/voltage intensity, mainly due to the microstructural damage that
might have occurred during curing. While for the pDC regimes, the compressive strengths vary
by approximately ±1 MPa between them.

5.2.6 Setting Time Vs Resistivity- Direct Current

In this section, setting times and the development of the resistivity of mortar samples subjected
to no electric curing and DC curing regimes are obtained following the methodology in section 4.
The setting time and resistivity results are reported in Figure 22.
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Figure 22: Setting time and resistivity development with time - Control and DC cured
specimen

In Figure 22, ST1 refers to the first trial of the setting time test and RT1 refers to the resistivity
of the first trial sample. Control ST and control RT refer to the setting time and resistivity
measured with the control sample. The setting time and resistivity are measured from the same
sample. From Figure 22,(refer appendix-C for the other 2 trials) resistivity develops over time
regardless of whether the mortar samples are subjected to electric curing. The resistivity curves
also show that the values decrease initially and start to increase after 135-180 minutes mainly
due to the formation of hydration products. There is a fluctuation in the resistivity readings for
the DC-cured specimens, which could be due to the polarisation of electrodes. For the control
specimen, the initial set occurs at 180 minutes while the resistivity curve increases from 225
minutes. After the 135-180 minute period, all the curves show an increase over time. Comparing
the resistivity and the setting time curves shows that the increase in resistivity starts when the
mortar initially sets.

5.2.7 Setting Time vs Resistivity- Alternating Current

The setting time and the development of resistivity over time of mortar samples subjected to
different AC curing regimes are compared with the control specimen and are reported in Figure
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23.

Figure 23: Setting time and resistivity development with time - Control and AC cured
specimen

In Figure 23, ST1 refers to the first trial of the setting time test and RT1 refers to the resistivity of
the first trial sample. Control ST and control RT refer to the setting time and resistivity measured
with the control sample. The setting time and resistivity are measured from the same sample.
From Figure 23 (refer appendix-C for the other 2 trials), the trend of decrease in resistivity till
the initial set and increase after this point is observed. The control specimen has an initial set of
180 minutes, while the resistivity increases from 225 minutes. For the 5V regime, the initial set
occurs at 162 minutes while the resistivity increases from 180 minutes. The coinciding of initial
setting time and increase in resistivity is also observed in the 10V and 15V regimes occurring
at 139 minutes and 94 minutes, respectively. It is also seen from Figure 16 that the setting of
the 10V and 15V samples occur drastically. The resistivity of 15V also increases at a faster rate
compared to all the electrical curing regimes.
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Voltage regime Time of initial setting time (mins) Time of increase in resistivity(mins)
Control 180 180

5V 162 180
10V 139 180
15V 93 135

Table 12: Setting time and resistivity from 23

5.2.8 Setting Time Vs Resistivity- Pulsed Direct Current

The setting time and the development of resistivity over time of mortar samples subjected to
pulsed direct current regimes of 5A/m2, 10A/m2 and 20 A/m2, obtained using the methodology
reported in section 4, are presented in Figure 24.

Figure 24: Setting time and resistivity development with time - Control and pDC cured
specimen

In Figure 24, ST1 refers to the first trial of the setting time test and RT1 refers to the resistivity
of the first trial sample. Control ST and control RT refer to the setting time and resistivity
measured with the control sample. The setting time and resistivity are measured from the same
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sample. From figure 24 (refer appendix-C for the other 2 trials), the control and the pDC-cured
samples show an increase in resistivity over time. However, between the interval readings, the
resistivity readings of the pDC samples show fluctuations, i.e., the values do not follow a particular
trend of increase or decrease. This fluctuation could be due to the polarisation of the electrodes
or due to intermittent direct current during the relaxation period of 5 minutes given before the
resistivity readings are taken.

5.2.9 Temperature-Direct Current

In this section, the temperature development recorded using thermocouples of DC regimes
5A/m2, 10A/m2, and 20 A/m2 are represented in Figure 25.

Figure 25: Temperature curves of the selected DC regimes

Figure 25 consists of temperature curves for two trial samples (labelled T1 and T2) from each
DC regime and control, and the temperature recordings are done for approximately 24 hours. It
is visible that a gradual rise in temperature occurs for the DC regime and the control sample
(without electric curing). The temperature peak for all the regimes occurs after approximately
10 hours. An average temperature peak (average of the 2 sample readings) of 28.11◦C occurs
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approximately after 13 hours for the control sample. For the 5A/m2, a peak of 26.8◦C occurs
at approximately 12 hours, while for 10A/m2 and 20A/m2, the peaks of 26.9◦C and 31.6◦C
occur at 13.5 hours, 17 hours, respectively. Following the temperature peaks, all the curves
gradually decrease and remain constant from that point onwards. Figure 25 also illustrates that
the temperature peaks occur after 10 hours, approximately.

5.2.10 Temperature-Alternating Current

The temperature development of 5V and 10V AC regimes are presented in Figure 26. The figure
consists of two temperature curves from two samples (labelled T1 and T2) subjected to the
AC regime and control samples subjected to no voltage intensity. The figure also compares the
temperature development of samples with no electric curing and samples cured with AC regimes.

Figure 26: Temperature curves of AC regimes

In Figure 26, there is a prominent temperature peak, in terms of magnitude, for the samples
cured under the 10V AC regime, and there is a comparatively smaller temperature peak for the
5V regime. For the 5V regime, the peak has a magnitude of 31.6◦C occurring at 6 hours, while
for the 10V regime, a peak of 45.20◦C is observed at 3 hours. The temperature rise for both AC
regimes occurs within the 6-hour timeline.
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5.2.11 Temperature vs Resistivity

Figures 27 and 28 depict the temperature vs resistivity development in samples subjected to
DC and AC curing regimes respectively. The current regime/voltage intensity (solid lines) in the
graph legends followed by aRT refer to average resistivity taken from 3 trial samples while current
regime/voltage intensity (dotted lines) followed by avg refer to average temperature from 2 trial
samples.

Figure 27: temperature vs resistivity development for DC cured samples

In figure 27, there is an evident increase in temperature and resistivity with the increase in time.
Also, between the temperature curves of samples subjected to DC regimes, 20A/m2 (highest in
terms of the magnitude of current) has the higher maximum temperature evolved at the end of
its setting time compared to the 5A/m2,10A/m2 and the control. But, from the difference in
maximum temperature is less between the 20A/m2 regime and the control samples. The samples
subjected to 5A/m2 and 10A/m2 have similar temperature evolution curves. A similar trend is
also observed in the resistivity curves, with 20A/m2 showing higher resistivity values with an
increase in time followed by 10A/m2 and 5 A/m2.

Masters Thesis 52



Figure 28: temperature vs resistivity development for AC cured samples

In figure 28, an observation of an increase in resistivity and temperature with time is evident
for both the 5V and 10V sample curves. For both the 5V and 10V regime samples, the initial
resistivity values are lower and start to increase after 180 minutes (approximately). The resistivity
values of 5V and 10V are lower in magnitude when compared to the control while the 15V sample
resistivity is lower till 159 minutes and then there is a drastic increase in magnitude.
In both 27 and 28, the increase in resistivity with an increase in temperature could be due to
formation of hydration products. Also, with increase in temperature and electric field intensity
the ionic concentrations and ionic mobility increases.

5.2.12 Electrical Data- Charges and Power

The charges flowing through the sample subjected to DC or pDC regimes till the final set occurs
are reported in Figure 29. The charges presented in Figure 27 are calculated with the data
obtained from the software that records data during the curing period. The equation used to
calculate electric charge using current is
The theoretical value is obtained by using the formula,

Charge = Current ∗ Time (5.1)

Where, charge is expressed in coulombs (C)
Current is expressed in ampere (A)
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Time is expressed in seconds (sec)

A summary of the electric charges shown in Figure 30 is tabulated in table 13.
Figure 30 provides a graphical visualisation of the electrical power used during the curing process
due to passing a current through the sample. Electrical power is calculated with the voltage
(V) and current (I) recorded by the software. The equation used to calculate electrical power,
represented in Figure 29, is

Power = V oltage ∗ Current (5.2)

Where, power is expressed as Joule/second or Watt (J/sec or W)
Potential is expressed as voltage (V)
Current is expressed in ampere (A)

A summary of the calculated power values is tabulated in table 14 .

Figure 29: Charge Comparison- DC and pDC regimes

Figure 29 shows that with increasing current densities, there is an increase in the amount of
charge that flows through the sample within each current type, i.e., the charge values are higher
for the 20A/m2 regime DC regime than the 5 A/m2 DC regime and the same trend holds for the
pDC regimes. The DC regimes of 5A/m2, 10A/m2 and 20 A/m2 (represented as DC-5, DC-10,
DC-20 in figure 29) have charge values of 173.28 C,347.89 C, and 711.915 C, respectively, where
C is the unit of charge, Coulombs. Similarly, the pDC regimes of 5A/m2, 10A/m2 and 20 A/m2
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(represented as pDC-5, pDC-10, pDC-20 in figure 29) have charges of magnitude 173.21 C,349.43
C and 695.83 C, respectively. The DC charge values are an average of data from three separate
samples, while the pDC charge is obtained by using the data from a single pulse and multiplying
it with the time taken for the final set to occur.

Current regime Charge at the end of a 6-hour curing cycle (Coulomb)
DC-5 (5 A/m2) 173.28

DC-10 (10 A/m2) 347.89
DC-15 (15 A/m2) 711.915
pDC-5 (5 A/m2) 173.213

pDC-10 (10 A/m2) 349.434
pDC-20 (20 A/m2) 695.833

Table 13: The amount of charge the DC/pDC regime supplies at the end of the 6-hour curing
cycle

From Figure 29 and Table 13, it is seen that quantification of charges can only be made when
the current is direct current or pulsed direct current. Quantification, in terms of charge, would
not be relevant even if calculated for AC as the alternating current has a positive and negative
phase for current, resulting in a net zero charge.

Figure 30: Power Comparison between DC,AC and pDC regimes

Masters Thesis 55



Figure 30 shows that the highest input power is applied with the 15V AC regime. The input
power for AC regimes 5V, 10V and 15V (represented as AC-5, AC-10 and AC-15 respectively in
figure 30 ) are 0.429 W, 2.17 W and 4.28 W respectively. The input power obtained through
applying DC regimes of 5A/m2, 10A/m2 and 20 A/m2 (represented as DC-5, DC-10 and DC-
20 in figure 30) are 0.0248 W, 0.0594 W, and 0.163 W, respectively, while for pDC regimes
of 5A/m2, 10A/m2 and 20A/m2 (represented as pDC-5, pDC-10 and pDC-20 respectively in
figure 30) it is 0.0303 W, 0.0931 W and 0.334 W respectively. Compared to the AC regimes,
these values are in the lower bracket because of the lower current densities chosen for the curing
cycles. The pDC regimes were chosen to replicate exactly the DC regime in terms of magnitude,
but in Figure 30, that is not the case. Each pDC regime has a higher power input than its DC
counterpart. A reason for this could be the measurement method used for the assessment of the
magnitude of the pulses.

Current regime Power at the end of the 6-hour curing cycle (J/sec or W)
DC-5 (5 A/m2) 0.0248

DC-10 (10 A/m2) 0.0594
DC-20 (20 A/m2) 0.163

AC-5V 0.429
AC-10V 2.17
AC-15V 4.28

pDC-5 (5 A/m2) 0.0303
pDC-10 (10 A/m2) 0.0931
pDC-20 (20 A/m2) 0.334

Table 14: The amount of charge the DC/pDC regime supplies at the end of the 6-hour curing
cycle

Figure 30 and Table 14 show that the input power is the highest in the 15V AC regime since
both the voltage and current are of higher magnitude during the initial stages of curing. The
pDC regimes are expected to have the same power input as the DC regimes, but it is not the
case from the experimental results. Comparing the setting time curves shown in Figures 15, 16
and 18 of DC, AC and pDC regimes, respectively, with Figure 30, it can be reported that the
setting time does not necessarily decrease with the increase in power supplied to the sample. For
the DC regimes, the effects of increasing power are not reflected in the setting time results. In
contrast, for AC regimes, the setting time decreases with an increase in power supplied, and the
setting time increases with the increase in power supply in the case of mortar subjected to pDC.
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6 Discussions

6.1 Validity of the Experimental Setup

Different types of electrical setups have been established for the curing of cement-based materials
with electric current, as reported in [13][24][40][6][42][23] and were designed to monitor temper-
ature, resistivity development with time and compressive strength. The electrodes in these setups
were end plates, strip electrodes or bar electrodes made of steel [13], graphite [23] or brass [24]
and alternating current was used for curing. The samples were sealed to minimise moisture loss or
had a standing water layer to compensate for the evaporating water due to heating. The samples
were enclosed in an insulation box [23] to maintain the heat generated by passing current, thus
improving the curing efficiency. The current research aims to establish setting time by using a
modified vicat apparatus that works on the principle of plunging a needle with a specified mass.
So it was not possible to seal the surface. The loss effect was minimised by choosing a smaller
sample cross-section enabling to assume that the flow of current lines is uniform and to make use
of the size effect, i.e., the heat loss from a sample increases with an increase in the surface area
[16].
The selection of a smaller sample size and the choice of not using steel plates as electrodes can be
attributed to the usage of direct current for electrical treatment. The choice of titanium MMO
meshes was made to minimise corrosion of the electrodes, as the occurrence of corrosion would
reduce the efficiency of the flow of current through the sample, and an increase in sample size
would have required an increase in electrode size in order to have good electrical contact with
the sample. This increase in electrode area would have resulted in higher hydrogen evolution,
compared to a smaller electrode area, due to electrolysis when using direct current. The evolution
of hydrogen in laboratory conditions is not deemed safe as it is a flammable gas [33] and was
kept as a criterion while the curing setup was made.

6.2 Setting Times

Previous study [40] has shown the setting time to be found with temperature curves obtained
from thermocouples. In the current study, the setting times were found with a modified vicat
apparatus for all the current types and regimes.Setting time values are arbitrary values that signify
a reduction in workability (initial) and an increase in solidification (final).

6.2.1 Direct Current

Figure 15 shows that the initial and final setting times of the control and the direct current
regimes are the same for the box mould. Comparing the three trials of any regime fluctuations
can be observed. For instance, the setting time readings of 10A/m2 at the 180th minute are
18,20 and 24 for the three trials, respectively, while the readings at the 225th minute are 23,23
and 24, respectively. This discrepancy in the curve could be because of two reasons: i) when the
needle of the vicat is dropped, there is a possibility that the needle counters an aggregate particle
obstructing the needle along with the added influence of lack of compaction, ii) the application of
direct current through an electrolytic sample (ions from cement hydration in water) disrupts the
dissolution process and occurs till the hydration products formed are dense enough to withstand
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the effects of the passing direct current. The period after the initial setting time is when the
sample is in a fluid plastic stage application of a unidirectional current during this period tends
to bring about discrepancies in the results. On comparing figures 31 and 32, it can be inferred
that with on applying direct current, there is evident hydrogen evolution at the electrodes.

Figure 31: 20 A/m2 samples prepared for a 3-day compressive strength test

After the initial set, empty capillary pores are left behind as the free water gets used up, which
would later be filled with hydration products. However, the chance of hydrogen gas bubbles
getting trapped in these pores, especially near the region immediately surrounding the electrodes,
is a possibility that cannot be neglected and may reduce the efficiency of curing since the contact
between the electrode and the mortar is reduced. In electric curing/ treatment, the setting time
can be reduced if the temperature rise induced due to the application of current increases since
the heat produced is proportional to the square of the current applied (Joule law of heating) [22].
On comparing the temperature curves obtained from thermocouple readings (figure 26), there
is a slight increase in temperature, but a similar increase is also found for the control samples.
Similar temperature values have been reported by Susanto et al. [35]. Susanto et al.[35] have
also reported minimal positive impact in applying direct electric current densities below 60A/m2

on hydration reactions.
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Figure 32: Control samples (without application of current) prepared for a 3-day compressive
strength test

With the setting time and temperature curves (Figure 15,25), the current regimes do not decrease
the final setting times because there are no significant temperature development due to the current
application within the setting time period. So, it can be added to [35] that setting time, which
is related to the reactions of C3S, C3A, and C4AF hydration and subsequent formation of CSH
and ettringite, is not significantly changing with current regimes up to 20 A/m2.

6.2.2 Pulsed Direct Current

On comparing the setting times of direct current regimes (figure 15) and pulsed direct current
regimes (figure 18), the pulsed direct current has a retardant effect on the mortar setting, as the
final setting times are in the range of 450-495 minutes, with 495 mins being the final setting time
for the 20A/m2 regime.
Pulsed DC works like an alternating current source, except that the current magnitude goes to
zero (for example, see Figure 11) instead of flowing in the opposite direction. So, it has the effect
of DC but a reduced hydrogen evolution. The usage of pulsed current requires the pulse to be of a
higher magnitude to get the equivalent of a direct current regime. So, the short pulses of higher
magnitude current disrupt the dissolution and the coagulation process of hydration products,
could be the reason for the delay in final setting times in the pDC regimes. Another possibility
is that the pulse DC leaves the hydration products, which are formed, with surface charges that
might repel like charges preventing the coagulation/chain formation of hydration products, as in
the case of the mechanism of a retardant or plasticisers.
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Except for the 5A/m2 pulsed regime, the 10A/m2 and 20A/m2 regimes fluctuate after the initial
set and can be reasoned out to be the same phenomenon that causes the fluctuations in the direct
current regimes. However, the effect is profound here compared to its counterpart (DC regime),
given the setting time results. (From the device readings, the magnitude of the pulse does not
go to zero during the OFF phase due to the slower sampling rate of the recording device)

6.2.3 Alternating Current

Even though alternating current has a different functioning principle, it is widely used for electric
curing. The main reason for AC usage is its tendency to minimise electrolysis while passing
current through an electrolyte, drastically reducing polarisation and hydrogen evolution at the
electrodes.
Unlike direct and pulsed direct current, alternating current regimes render similar results in all the
trials. The evolution of heat is also profound with an increase in voltage fields. From the decrease
in setting times shown in figure o05, the reactions of C3S, C3A, and C4AF, the critical reactants in
hydration product formation that correlate with the setting, occur faster due to the temperature
increase. The dissolution of ions also occurs at a higher rate which is revealed as a quantifiable
value in compressive strength. The heat occurring due to the passage of AC through the sample
renders the cement particles with a denser inner CSH product when compared to the outer CSH.
Also, with the increase in temperature, the dissolution of ions results in a supersaturated solution
with more ions than a control sample. Thus, resulting in thicker shells of hydration products at
early ages [17, 11, 30].
It is understood that the voltage varies with an increase in resistance (Ohm’s law), and the same
holds for mortar samples. As hydration products form, there is increased resistance to the current
flow as the electrolyte (water and dissolved ions) slowly deteriorates, reducing conductivity. This
resistance is what makes it possible for the conversion of electric energy to heat energy. Thus, if we
assume a constant voltage regime of 15V for experimental purposes, then the current would reduce
with the increase in resistance which would, based on Joule’s law of heating [22], result in lesser
heat evolution and could be the reason why the 5V regime could not show significant temperature
rise while 10V and 15V regimes also are subjected to this phenomenon. The resistance occurring
within the curing period was not high enough to cause the drop in current. Thus, enabling 10V
and 15V regimes to be efficient when it comes to achieving a higher temperature. Also, if it
were the curing of the mortar that was the key emphasis, then a factor like temperature would
be considered for monitoring the curing. Since reducing the setting time was the key objective
achieving high temperature at a short period was focussed on (heating period) than the isothermal
period where the retention of that temperature is required.
When chemical accelerators are used (17), the decrease in setting time is mainly achieved by
supersaturation of the ionic solution with Ca2+, which facilitates the rapid formation of hydra-
tion products. Similarly, an increase in temperature of an electrolytic solution, such as cement
paste/cement mortar, with a negative temperature gradient (resistivity decreases with an increase
in temperature), i.e., the solution becomes more conductive due to the presence of ionic species.
There is a limit to allowing this increased dissolution process, after which crystallisation can oc-
cur for a particular current regime. The more saturated the solution, the more the possibility of
forming hydration products such as CSH and CH.
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6.3 Compressive Strength

6.3.1 Direct Current

A temperature increase when passing a current through the samples would have resulted in an
increase in compressive strength because, with an increase in temperature, the occurrence of
C3S reaction happens earlier, resulting in the formation of denser hydration products due to
increased dissolution of ions into the solution. It should also be noted that an increase in the
current regime does not necessarily mean an increase in compressive strength [40]. The same
is supported by the 1-day compressive strength results in Figure 19, where the 20A/m2 regime
shows lesser strength than the control and the other electrically treated samples. The 1-day
strength of 5A/m2,10A/m2, and control samples are similar, while the 20A/m2 regime has
detrimental effects on compressive strength. The 3-day and 7-day compressive strengths (Figure
20 and 21, respectively) of all the DC regimes are similar in magnitude. There is a possibility
that the compressive strength of the DC-cured specimens compared to the control can be lesser
because accelerated curing tends to leave the microstructure with increased porosity leaving the
sample with reduced strength with time.

6.3.2 Pulsed Direct Current

Since, pulse direct current is relatively new in the field of curing, the amount of samples used
for the compressive strengths do not provide a certain trend. Thus, a more intensive study is
required to come up with a solid discussion. However, with the data obtained a few points have
been explained in Appendix-B under Pulsed Direct Current- Compressive Strength.

6.3.3 Alternating Current

When alternating current is passed through the sample, the reaction of C3S is accelerated, and
the subsequent formation of CSH is also accelerated, resulting in higher early-age strengths. An
increase in voltage field does not increase in compressive strength with time. It depends on how
much heat is generated and how long it is retained. If there is a very high-temperature situation
in the sample, then the microstructural damage would be high, resulting in the loss of strength.
Thus, emphasising the need to monitor temperature during the curing process [13, 40, 6].
According to Figure 19, showing the one-day strengths, the 5V regime is similar to the control
specimen strength. Though the 3-day strength is higher for 5V, the control and 5V specimens
show the same compressive strength on the seventh day.
For the 10V samples, decreases in strength as the age of the sample increases. At 7 days, the
10V sample has slightly lesser strength than the control sample. However, it has approximately
80% more compressive strength on the first day than the control sample. The increase can be
attributed to the hydration acceleration due to the current application. While the latter reduction
in strength can be due to the higher porosity of the sample due to high heat generated during the
electrical treatment stage, not only in the microstructure but also having highly porous hydration
products.
15V samples are rendered with high temperature, resulting in higher 1-day compressive strength,
almost equivalent to the 3-day compressive strength of the control samples. However, it shows
a detrimental trend with an increase in the specimen’s age owing to higher porosities during the
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electric treatment period. The hydration products formed due to increased temperature have
dense shells, which should not be confused with the porosities caused in the microstructure [30].
Nevertheless, the presence of hydration products with increased porosities after the treatment
period is over should not be overruled.

6.4 Resistivity

6.4.1 Direct Current and Pulsed Direct Current

From Figures 22, the resistivity of the sample tends to increase with time, but till the initial
set occurs, there is a decrease in resistivity. The rate at which the decrease occurs, the rate
of conductivity, is similar to that of a control sample. If there were an increase in temperature
caused due to the application of current, then the conductivity of the ionic solution would have
been higher owing to the negative temperature coefficient of an electrolyte. The gradual increase
in resistivity is due to the formation of hydration products which render the mortar mix with
increased resistance. Transport of ionic species within the pore structure of the cementitious
materials occurs due to migration, permeation, absorption and diffusion. The migration of ions is
influenced by an application of an external electric field. Therefore, the higher the electric field,
the faster the velocity of the ionic species which in turn results in a faster migration. Also, with
an increase in temperature, the ionic concentration in the pore solution tends to increase. The
resistivity of the sample subjected to DC curing regimes of 5A/m2 and 10A/m2 are similar to
the control specimen resistivity development. This can be justified by saying that the blockage
of the pore network (lower tortuosity) by the charges is not profound as in the case of 20A/m2

where the resistivity values start to increase from 200 minutes.
Another reason for an increase in resistivity could be that with increased electric fields, the ions
tend to migrate towards the electrodes of the opposite charges i.e., cations to the negative
terminal and anions towards the positive terminal, this way there is a build of charges near the
electrodes, this could also be a reason as to why there is an increase in resistivity with time along
with the development of hydration products and increasing tortuosity.
In the case of pulsed direct current and 24, the results do not point towards drawing a definitive
conclusion and for this purpose further research is required with regards to pulsed direct current.

6.4.2 Alternating Current

Here, the rate at which the resistivity decreases can be attributed to the negative temperature
coefficient of the electrolyte. The resistance decreases with an increase in temperature, but
there is a saturation point above which there is no decrease. During this phenomenon, ions’
dissolution occurs at a higher rate due to increased temperature. This way, there is the formation
of hydration products of higher density and hence an increase in resistance to the current flow
with time. Since there could be blockage of the pore network with increased electric fields, the
resistivity tends to be higher for the regimes with the evolution of time. Another reason could be
that the evaporation of water due to a high-temperature increase could also leave pores without
moisture to allow the migration of ions. The curves in Figure 23 also show that the time when
the resistance increases are exactly when the initial set occurs.
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6.5 Electrical Data Comparisons

The electrical data calculations for charges reveal that the charges flowing through the sample
subjected to DC or pDC regimes increase with increasing current densities. Mathematically this
is expected as charge calculation involves multiplying the magnitude of the current and the time
for which the current is applied. On the other hand, when DC or pDC is used, while the current
flow is kept constant, voltage increases with the sample’s increasing resistance to ensure that the
set current value remains constant. Since the pDC regimes were chosen to be similar to the DC
regime in magnitude, the charge flowing through the sample through the curing period is similar
with fluctuations rising caused due to the fluctuations in current/voltage values. There is a slight
difference in the magnitude because of the readings taken by the measurement device, which is
sensitive to slight variations in current. Adding to this, the sampling rate of the measurement
device is not fast enough to exactly obtain the current at that instant of time which is in the
scale of microseconds.
These minute fluctuations in current/voltage applied are why there is a standard deviation for
the measured DC data. This standard deviation is not presented for the pulse DC regime, as the
charges were calculated with the current generating one pulse. This current value is multiplied by
the total curing period to arrive at the total charge flowing through the sample. This simplification
is a result of the drawbacks of the curing setup. Charge calculations for the AC regime, though
they can be carried out, would not be of any technical relevance as AC has a positive and negative
cycle for voltage and current. Since charge can have both negative and positive values, the net
charge over the curing cycle would be zero. Using the IRMS values for charge calculation would
lead to the assumption that only the positive cycle is involved while neglecting the negative cycles
in the curing period.
The power calculation data in Figure 30 shows that the AC regimes result in higher input power.
This is because, for the AC regimes, the voltage was touted to be kept constant throughout the
curing cycle. When a voltage is applied to a wet cement mortar sample, due to high pore water
content, there is more flow of current and the current decreases with an increase in resistivity
of the sample as the voltage is kept constant. Similar to the charge calculations, the input
power should have also been the same, but comparing the pDC regime with its equivalent pDC
counterpart, there is an increase in the magnitude of pDC power. This could be because the
current does not drop exactly to zero magnitudes; thus, residual current results in a voltage across
the sample as per the data recordings. The summation of the product of residual current and
voltage may add to the power calculations. This can also be why the difference between DC and
pDC powers is higher with increasing current regimes.
Comparing the input power and the setting times in Figures 30 and 16, the setting time of the
AC regime can also be attributed to the high power supply, i.e., the more the electrical energy is
applied, the more the converted heat energy is available for curing. But this does not hold for the
DC and pDC regimes, where the setting time is not influenced by the current (DC) application
and the setting time is increased (pDC). Thus, the type of current applied is also a parameter
that needs to be considered while electrical curing/treatment.
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7 Conclusions

The present research investigated the influence of different current types and intensities on cement
mortar. For this study, an electrical curing setup was designed and fabricated. The influence
on cement mortar subjected to current was investigated by carrying out experiments to measure
setting time, compressive strength, resistivity and temperature development. The effect on setting
time due to the addition of a chemical accelerator along with subjecting the cement mortar mix to
current was also studied. Through the investigations mentioned above, the following conclusions
can be drawn:

1. When subjected to direct current, there is no influence of current on the setting time (final)
of the mortar specimen as reflected by the vicat apparatus. The control specimen (mortar
without electric treatment) and DC-treated cement mortar have similar final setting times
of 405 minutes regardless of the value of the initial setting time.

2. The influence of alternating currents on the setting time of cement mortar samples is
profound and is dependent on the intensity of applied voltage. While the 5V regime has
identical initial and final setting times compared to the control samples (162 minutes and
405 minutes, respectively), the 10V regime renders samples with an initial setting time
of 139 minutes and a final setting time of 270 minutes. The 15V AC regime produced
mortar specimens with the lowest initial and final setting times of 94 minutes and 180
minutes, respectively. The decrease in setting time can be attributed to the evolution of
heat with increasing voltage intensities; heat development is reflected in the thermocouple
temperature measurements taken during the curing cycle. The setting time of the mortar
mix with the chemical accelerator subjected to 15V has setting time of 90mins (initial) and
135 minutes (final). The faster initial setting time is due to the initial supersaturation of
the pore solution with Ca2+ ions as a result of using the chemical accelerator and the effect
of having a voltage of 15V across the samples.

3. The 1 day, 3 day and 7 day compressive strengths of DC and pDC samples do not show
a significant variation as in the case of AC samples where the 1 day compressive strength
of the 15V sample is similar to the 3 day compressive strength of the control sample. The
AC regimes show decreased 3 day and 7 day compressive strength with increasing voltage
intensity within the AC regime group i.e., the 7 day strength of 5V samples are higher than
the 15V samples. This decrease in strength is due to microstructural damage caused by
the high temperatures developed during electric curing.

4. The resistivity of samples subjected to current and samples not subjected to current show
an increase in resistivity with age. During the initial stages of hydration, there is a decrease
in resistivity, which can be attributed to the increased mobility of ions and the usage of a
water-cement ratio of 0.5.

5. The resistivity values of samples subjected to AC regimes are not affected by electrode
polarisation owing to the frequency of AC current. In contrast, the samples subjected to
DC and pDC regimes with a relaxation time of 5 minutes had resistivity values that did not
stabilise when the reading was taken with the multimeter. This instability could be due to
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the polarisation of the electrode, as these were the electrodes used for the application of
current to the sample.

6. Comparing the AC setting time and their respective resistivity curves, the resistivity values
start to increase from the initial setting time of the mortar; a similar trend of the setting
time and resistivity curves is also observed in the control samples.

7. Along with the current intensities, the type of current used for the electric treatment/curing
process also affects setting time, compressive strength and resistivity.
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8 Recommendations

The following are recommendations that can be considered for future research:

1. Since AC regimes have been shown to reduce the setting times, this can be applied to 3D
printing of concrete where there is a need for faster setting of the printed layers. But, the
application of the voltages across the printer nozzle is still to be explored. Heating elements
can be applied across the nozzle, while at the same time, heating elements can also be
placed around the outside surface of the nozzle. This way, even before printing, the nozzle
is heated to some extent.

2. The setting time of only cement mortar is taken up in this research; modifying the cement
mixes can render results that can further add to the benefits of the 3D printing industry
and in-situ repair works.

3. It can be expected that different cement mixes and different mix designs will provided
different outcomes with regards to material properties when electrically cured.
In case, concrete is used instead of mortar, higher current densities/ voltage intensities
are required simply because of the resistance brought about by the presence of coarse
aggregates. The water-cement ratio would play a pivotal role in electrical curing. With
increase in water-cement ratio, the conductivity of current would be increase. But this need
not necessarily mean, w/c of 0.4 and below would not render beneficial outcomes when
subjected to electric curing. Thus, with regards to mix designs and cement types more
research is required.

4. Further microstructure analysis can be carried out while the hydration process is occuring
with the impedence spectroscopy technique. Impedence spectroscopy is a non-invasive and
non-destructive technique and the impedence spectra of the cementitious sample can render
information regarding the pore structure and pore structure connectivity with supporting
measurements such as pore fluid conductivity.

5. A more mechanised system for applying electric current is suggested to avoid fluctuations
in the set voltage intensity

6. Initially, applying current to an automated printer would be challenging to set up. Thus,
initial tests for the setting of 3D mortar can be done using a mortar gun with a linearised
motor.

7. Computer simulations to see the evolution of heat with an increase in electrical current
across different geometries can also be worked out.

8. The current/voltage controls were manually done, and a precisive supply of current/voltage
in terms of magnitude was not possible. The fluctuations are also attributed to the resistors’
sensitivity to control the current/voltage.

9. The setting time readings were taken at 45-minute intervals since the specimen size was
such that only 9 data points could have been recorded, as comprehensively described in
chapter IV under modified vicat.
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10. A square geometry is chosen for the experimental purpose, variations due to geometry are
still to be explored.

11. The electrodes used were meshes, and it was used such that it had maximum electrical
contact with the cement mortar. For future research applying alternating current, it would
be interesting to have plates as electrodes which assure proper electrical contact between
the electrode and the cementitious mix.
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9 Appendix-A- Mixing procedure

The mixing is done in phases:

1. Aggregates are put in the mixing bowl and allowed to be mixed for 30 seconds. Then the
mixer is stopped, and the cement is added.

2. The bowl is again placed in the mixer and is started; half the water (the timer is started at
this point ’Zero Time’ and is used to measure the initial and final setting times) is added.
For this, the cement weighed initially should be free of clumps/lumps.

3. Mixing is done for 90 seconds, and within 30 seconds, the bowl is removed to scrape off
the materials stuck to the side walls of the mixing bowl and the blade.

4. The mixing bowl is put in the mixer, and the rest of the water is added as soon as the
mixer is started. When accelerators are used, the accelerator is added to this half of the
water and then with the cement-aggregate mixture. The mixing is done for 60 seconds.

After this, the mixture is immediately transferred to the Vicat mould, which consists of an oiled
mould and a non-porous glass base plate. Compaction is done by just tapping along the sides
of the mould, and no undue compaction is provided in this case. The surface is evened out,
and the penetration readings are taken. The needle is lowered to touch the mortar’s surface for
the penetration readings. The plunging part is then tightened, eliminating the chances of initial
velocity (as per EN-196-3-2016). The plunger is then released. When the needle penetration has
ceased, or 30 seconds after the release of the plunger, the reading is noted for the scale(whichever
is earlier) (EN-196-3-2016).
The next reading is taken 1mm from the previous reading and made sure that all the readings
are evenly spaced out at 1mm from each other to prevent the influence of the previous reading.
(EN-196-3-2016)
As per code (EN-196-3-2016), it is mentioned to take readings at convenient and evenly spaced-
out time intervals. For the conventional test, till the initial setting of the mixtures, readings are
taken at 15-minute intervals, and after the initial set has occurred, the interval is increased to
30 minutes. Each time a penetration reading is taken, the needle is cleaned after being removed
from the sample.
When the penetration reading is (6 ± 3) mm, i.e., the distance between the needle tip and the
base plate is (6 ± 3) mm, then the time is noted, and the time between the zero time and this
recorded time is taken as the initial setting.
Similarly, the time is noted when the needle reading is 0-5mm. The time between the zero time
and this time is taken as the final setting*. *A cutting edge is not used here, and the needle
penetration is taken as a representation of the final setting time. This methodology is similar to
the one used for an automatic setting time test.
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10 Appendix-B

10.1 Pulse Direct Current- Compressive Strength

Between the 1-day, 3-day and 7-day compressive strengths of the pDC current regimes, there is
an increase in compressive strength with an increase in age. The 1-day and 3-day compressive
strengths of all the pDC regimes and control vary by approximately 2MPa. At 7 days, the
compressive strength of the control, though not profound, shows an increase in strength gain
compared to the other pDC regimes. The decrease in strength gain of the pDC regimes at 7
days can be due to the intensity of the pulses applied to the fresh mortar causing the improper
coagulation of hydration products, or even due to porosities due to hydrogen gas (a mechanism
similar to air entrainment). The hypothesis that there could be a possible charge around the
hydration products hindering the development can also be a reason.

10.2 Pulse Direct Current- Pulse data

Figure 33: 5 A/m2 pDC voltage and current pulse
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Figure 34: 10 A/m2 pDC voltage and current pulse

Figure 35: 20 A/m2 pDC voltage and current pulse
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11 Appendix-C- Setting time vs resistivity

Figure 36: Setting time and resistivity development with time - Control and DC cured
specimen- Trial 2

Figure 37: Setting time and resistivity development with time - Control and DC cured
specimen- Trial 3

Masters Thesis 71



Figure 38: Setting time and resistivity development with time - Control and AC cured
specimen- Trial 2

Figure 39: Setting time and resistivity development with time - Control and AC cured
specimen- Trial 3
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Figure 40: Setting time and resistivity development with time - Control and pDC cured
specimen- Trial 2

Figure 41: Setting time and resistivity development with time - Control and pDC cured
specimen- Trial 3
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