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� Similar effectiveness to steam curing in accelerating strength development.
� Slightly detrimental effect on the composite mechanical behaviour performance.
� A more porous microstructure at the fibre-matrix interface.
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This paper evaluates the effect of electric curing on the mechanical properties and microstructure of steel
fibre reinforced concrete. Specimens subjected to electric curing, steam curing and without curing were
tested for compressive and residual flexural tensile strengths at different ages. The fibre-matrix contact
area after pull-out was characterized by means of scanning electron microscopy. Although electric cured
specimens had consistently smaller residual flexural strengths than steam cured specimens, differences
were not statistically significant. Results derived from this study confirm the feasibility of applying elec-
tric curing for the production of elements made with steel-fibre reinforced concrete.
� 2018 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Curing conditions play a crucial role in the hydration of the bin-
der and in achieving the performance expected from the hardened
material [1]. In the precast industry, curing is often synonymous
with the application of heat to shorten demoulding times and to
increase productivity. One can appreciate the importance of accel-
erated curing to the manufacturer’s rate of production by consider-
ing that to reach the demoulding strength in some cases requires
more than a day (several days for prestressed concrete) as opposed
to hours when accelerating curing is adopted, and thus the eco-
nomic viability of precast plants significantly relies on accelerated
curing [2].

Steam Curing (SC) is the most common method used in precast
plants to achieve high temperature cycles while ensuring abundant
moisture supply [2]. Although reliable and relatively easy to con-
trol, SC has poor energy efficiency and generates temperature gra-
dients inside the elements, thus inducing internal stresses. In other
words, SC suffers the limitations of being a surface-heating
method, therefore it is physically limited by thermal conductivity
of the medium and maximum permissible temperature. Moreover,
its on-site deployment is unfeasible in most cases due to the large
equipment required (steam generators, ducts and conveyors,
etcetera).

Electric methods are relatively unexplored alternatives, which
generate heat by means of the Joule effect [3,4]. Indirect or direct
methods can be distinguished. For the indirect method, surface
or embedded electric resistors (or the reinforcement bars) are
deployed to supply heat; however, regardless of the actual posi-
tioning of the heating elements, indirect electric curing remains a
surface-heating method, with the physical limitations mentioned
above. Conversely, for the direct method electricity is run through
the concrete, either by applying a voltage to the reinforcement bars
(i.e. using them as electrodes) or by means of purposely embedded
electrodes [3]. The direct Electric Curing method (EC) has received
relatively little attention with regard to research and it is the focus
of this study.
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EC is a volume-heating method, with virtually no limitation to
the power density that can be provided, in this being similar to
microwave heating [5]. As heat is not transferred through the
mould, it can be insulated and EC can achieve high energy effi-
ciency. Also, EC requires relatively compact machinery with no
moving parts, hence it is reliable, simple to maintain and compat-
ible with on-site applications [4]. On the downside, the implemen-
tation of EC requires significant electrical power and specific
engineering know-how about how fresh concrete conducts
electricity.

The largest market of Steel Fibre Reinforced Concrete (SFRC) is
in industrial flooring and ground bearing slabs thanks to its
enhanced crack control and local redistribution capacity [6]. Struc-
tural applications where the fibre reinforcement completely
replaces conventional bars have also appeared in recent years.
The prime example is found in precast tunnel lining segments
[7,8] along with other precast elements. Significantly, the
enhanced bulk electrical conductivity of SFRC allows lower work-
ing voltages and/or higher power densities, favouring the use of EC.

Despite that, to the authors’ best knowledge, only one published
paper [9] (in French) has addressed the application of EC to SFRC.
Although no detrimental effect of EC was observed on compressive
and flexural (cracking) strengths, the study did not evaluate the
influence of EC on the post-cracking residual strength provided
by the combined mechanical action of the fibres and the matrix.
This might well be a critical aspect, as the higher conductivity of
the metal could induce differential temperature and electrochem-
ical phenomena around the fibres, thus affecting the microstruc-
tural characteristics and post-cracking mechanical performance
of the composite which are essential for the design of elements
in service and ultimate limit states. Inevitably, the lack of scientific
knowledge and of solid experimental evidence remains to date a
barrier to the use of EC in practice.

The aim of this paper is to evaluate the effects of direct EC on
the mechanical properties and microstructural characteristics of
SFRC in comparison with SC and Normal (unaided) Curing (NC).
An extensive experimental campaign was undertaken envisaging
realistic application scenarios. In total, 108 prismatic specimens
measuring 150x150x550 mm3 were cast and subjected to curing
regimes with either EC, SC or NC. An EC rig, specially designed
and built for this study, allowed matching of the temperature evo-
lution attained inside the concrete specimen during SC in a cli-
matic chamber, which enables a fair comparison between the
two accelerated curing methods (SC and EC).

Thermal and electrical data were collected throughout the cur-
ing process. After that, the flexural behaviour of the beams was
assessed according to [10], paying special attention to the residual
tensile response. Then, cubes were sawn from the beams and char-
acterized through the inductive method to assess the content and
orientation of fibres [11–13], in order to determine the influence of
variations in fibre distribution between specimens in the compar-
isons. The cube specimens were later used in compressive tests
[14] and Barcelona indirect tension tests (the latter test is
described in [15] and adapted according to [16–18]). Finally, Scan-
ning Electron Microscopy (SEM) was undertaken along with
Energy-Dispersive X-ray spectroscopy (EDX) to investigate the
microstructure at the fibre-matrix interface.

This study improved our understanding of the consequences of
EC on concrete elements, with and without steel fibres. It also
serves as a reference for future scientific research; the results pre-
sented in this paper may prompt further exploration of the poten-
tial for practical applications of EC in SFRC elements. An example
can be found in novel applications of self-compacting concrete pro-
posed by Reymann [19] and Cecini et al. [20] for precast and cast-
in-situ, respectively.
2. Literature review

Direct EC (Electric Curing) has been used on a commercial scale
in Russia since 1933, both in precast plants and for in-situ casting,
although no reported use for elements made with SFRC was found.
A wide body of literature addressing EC from the former Soviet
Union is reported by Krylov [21], along with his own research
undertaken at the NIIZhB (Research Institute of Concrete and Rein-
forced Concrete). In comparison, studies and applications in the
Western world have been scarcer and limited to precast elements,
perhaps due to the generally warmer climate.

Bredenkamp [22] investigated the effect of EC on Portland
cement-based concrete in comparison to NC, measuring the com-
pressive strength evolution from 4 h to 28 days, with the goal of
optimising curing strategies. Constant intensities of electric field
ranging from 300 to 500 V/m were examined. EC was finished
either after a given exposure time or upon reaching a total input
energy of 76 kWh/m3. However, in neither case was the control
based on the temperature. Despite reaching about 50% of 28-day
strength in just 4 h, the strength of specimens subjected to EC
was lower compared to that of specimens subjected to NC after
80 h. Even though the magnitude of the detrimental effect in terms
of the strength difference after 28 days was not reported, it was
deemed acceptable.

Wilson [23] performed tests using a variable transformer and
real-time adjustment of the input power by temperature-
controlled closed-loop. This work provided a detailed report of
the electrical parameters involved in EC. The initial resistivity of
fresh concrete was about 8 Xm and, thanks to insulation applied
to the specimens, a total energy input of less than 40 kWh/m3

was sufficient to complete the temperature cycle. Nevertheless,
only 24-h compressive strengths were reported, ignoring any sub-
sequent strength evolution. Heritage [24] also conducted testing of
temperature-controlled EC with target temperatures of 60 and
80 �C achieved through a linear rise of 40 �C/h, after a 3 h delay
before heating. No reduction of the 28-day compressive strength
compared to NC was observed at 60 �C, while about 10% lower val-
ues were reported when the target temperature was 80 �C.

Kafry [4] addressed the industrial aspects of deploying EC with
case studies on precast tunnel segments and in-situ casting of a
multi-storey building, pointing out potential productivity gains
for on-site construction. More recently, Wadhwa [25] also reported
the potential use of EC both on- and off-site and provided data
from an experimental campaign. In addition to assessing the com-
pressive strength of cubes, the authors tested half-scale reinforced
slabs and checked compliance with the relevant local code.

None of the previous studies performed a back-to-back compar-
ison of EC and SC under approximately equivalent conditions, nor
did they consider the possibility of applying EC on SFRC. The only
exception is the paper of Paillere and Serano [9] in French, who
applied EC to 100 � 100 � 400 mm3 beams containing 0.0, 0.5,
1.0 or 1.5 vol% of steel fibres. These fibres were straight, had a
length of 30 mm and an aspect ratio (length-to-diameter) of 75.
Normal or lightweight aggregates were used to produce the con-
crete that was tested at ages in the period of 1–90 days after cast-
ing for flexural cracking and compressive strengths (however,
post-cracking residual strengths were not assessed). Also, several
slabs up to 100 � 1200 � 1600 mm3 were cast to compare heating
effectiveness, collect resistivity data and measure required
voltages.

EC showed better homogeneity of the temperature field inside
the specimen than SC, but the rate of temperature rise was faster
near the electrodes. At a fibre volume of 1%, an eight-fold reduction
of resistance in comparison with Plain Concrete (PC) was reported,
and the strength of the electric field required for curing ranged



Fig. 1. Detail of casting of specimens.
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between 31 and 87 V/m. According to the authors, lower working
voltages (or higher power densities at equal voltage) could be
applied thanks to the resistivity reduction realised by the steel
fibres. Moreover, they envisage the exploitation of Ohmic heating
beyond curing, i.e. for the heating of hardened concrete members
once put into service.

It is widely accepted [21,26,27] that the liquid phase (i.e. the
pore solution at later stages) is the current-conductive component
of Portland cement-based concrete. The amount and composition
of the liquid phase change substantially from concrete mixing to
setting and hardening. The maximum value of conductivity is
observed 2–4 h after mixing. Then, a rapid decrease of conductivity
takes place as water is bound by hydrating cement particles, thus
reducing the amount of free liquid phase [27,28]. The conductivity
of the pore solution is also affected by the temperature, which
modifies the concentration of electrolytes and the mobility of ions.
Even though a direct influence of an electric field on the hydration
kinetics cannot be completely ruled out, Krylov [21] indicates that
neither beneficial nor detrimental effects on the structure and
properties of PC were ever reported. The predominant effect was
linked to the temperature variation caused by the electric current.

According to Krylov [21], transitional resistance appears at the
electrode interface due to a double electric layer formed by elec-
trons in the metal and ions in the liquid phase. This creates an
obstacle to the passage of electric current from the metal to con-
crete and may cause electrochemical phenomena, such as expan-
sion of air bubbles and drying caused by migration and
evaporation of moisture near the electrodes. This aspect is highly
relevant when applying EC to SFRC as each metal fibre embedded
in the concrete matrix effectively acts as an electrode, bridging
across two areas at different electric potential. This could poten-
tially affect the microstructural properties of the fibre-matrix
interfacial transition zone and the post-cracking response of SFRC.

3. Experimental programme

The selection of materials and design of experiments aimed at simulating real-
istic application scenarios, as explained below.

3.1. Materials and mix composition

A high-performance concrete that remains highly flowable after the incorpora-
tion of steel fibres was prepared with the mixture composition shown in Table 1. A
significant proportion of fines was included to obtain highly fluid concrete, typical
for precasting to guarantee smooth surface finishing [29]. Mixes with 0, 35 and
70 kg/m3 of steel fibres (equivalent to 0%, 0.45% and 0.9% by volume) in substitution
of the equivalent volume of sand were proposed, following the mix definition
described by Ferrara [30]. The fibres had double-hooked ends, a length of 60 mm,
an aspect ratio of 65, tensile strength of 2300 MPa; 3183 steel fibres have the
weight of one kg [31]. The nomenclature used to refer to the mixes include the let-
ter f and the fibre content by weight per cubic meter, as in f00, f35 and f70.

3.2. Mixing and casting

Mixing was performed in batches of 50 L by means of a drum mixer. The fibres,
total water amount minus one litre, gravel, sand, fly ash and silica fume were mixed
for 10 min. Then, cement and the remaining litre of water were added, and mixing
Table 1
Mixture compositions.

Component Type

Cement CEM-I 52.5R
Silica fume ‘‘grade 940U”
Fly ash EN450-1 Fineness Cat. S; LOI Cat. B
Sand 0–2 mm
Gravel 4–10 mm
Water
Superplasticizer Mapei NRG1012
Fibre Dramix 5D�
was continued for 20 more minutes. The time 0 for the assessment of the age of the
concrete was taken as the moment in which the cement was introduced. The water
temperature was adjusted to 22 �C (±1 �C) at the moment of casting. The whole
batch was discharged in a hopper which was then positioned on the edge of a
mould with 4 beam sectors placed over a vibrating table to cast sets of 4 prismatic
specimens, as shown in Fig. 1.

Each mould held 4 digital thermistors that were embedded in the concrete to
measure the temperature field inside the specimen. These sensors were longitudi-
nally positioned 55 and 210 mm apart from each end of the mould (see Figs. 1 and
2). Although thermocouples would have provided a more punctual information on
the sectional gradients, they could not be used as their measurement capacity was
affected by the electric current.

In the case of specimens subjected to EC, flat 150 � 150 mm2 and 1 mm thick
stainless-steel electrodes were positioned at the far opposite ends of the moulds,
so that concrete could be cast against them and consistently create the same inter-
face. The electrodes were stiffened by 10 mm-thick Perspex plates glued on the
back; a central bolt protruded 25 mm into the concrete was connected to prevent
relative movement during casting and handling (see Fig. 2).

The complete casting of the 4 specimens typically took about 20 s. Low intensity
vibration was performed by activating the vibrating table at medium power for a
duration dependent on the flowability of the mix (10 s for f00, 2 times 10 s with
one-minute interval for f35, and 3 times 10 s with one-minute intervals for f70).
The whole production procedure was defined and strictly repeated to reduce the
inherent uncertainty of manual scooping and its effects on fibre orientation [32].
The moulds were covered with a polythene film after casting to limit the loss of
moisture. A later check of cut sections showed consistent and satisfactory com-
paction and no sign of segregation.

3.3. Curing

The waiting period between mixing of cement and starting of temperature cycle
was 5.5 h. This time was necessary not only to allow demoulding operations and
setting up the specimens in the curing rig; this delay has also been shown to be crit-
ical to avoid detrimental effects from thermal expansion during heat accelerated
curing [33].

From 5.5 to 24.0 h, processing of specimens was specific to the curing method.
From 24 h to 7 days, specimens (except those tested at 1 day) were submerged in
water. This procedure was considered necessary to neutralise any possible effect
due to different moisture supply during the initial 24 h [34]. After that, specimens
remained in air indoor conditions.
Content (kg/m3) Ratio to cement

f00 f35 f70

400
40 0.10
200 0.50
838 832 826
670
170 0.425
6.4 0.016
0 35 70



Fig. 2. Detail of a bending specimen being subsequently cut into cubes for compression and double punch Barcelona tests; bottom left, sample prepared for SEM.
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As for the specific curing, NC specimens were simply left in their moulds, while
SC and EC specimens were demoulded at 4.5 h. At this time, concrete had already
set and developed enough strength for the specimens to be placed in the curing
equipment. SC specimens were stacked inside an environmental chamber with
temperature and relative humidity kept constant at 25 �C and 98% respectively,
until the onset of temperature cycle exactly at 5.5 h.

The stack was surrounded by 150 mm-thick expanded polystyrene to insulate
all but the two large opposite faces, thus reproducing plane-like boundary condi-
tions and minimising differences between the inner and the outer specimens of
the stack. The environmental chamber was programmed for a linear temperature
raise of 15 �C/h rate for 3 h, and then to keep constant 65 �C and 98% relative
humidity for 7 h. At the end of the constant period, the system was allowed to cool
down and reached 30 �C after approximately 24 h from mixing (see Fig. 3(a), dot-
dot-dashed line).

As for the EC specimens, the same stacking and insulation setup was used (see
Fig. 4). These specimens were individually wrapped immediately after demoulding
in heat-shrinking plastic sheet to prevent moisture loss or electrical contact. The
voltage was applied at the ends of each specimen separately so that the average
direction of the electric current was approximately parallel to the length of the
specimen.

The EC rig was housed in a controlled-climate room set at 22 �C (±1 �C) and 65%
relative humidity. For a fair comparison between SC and EC, the average tempera-
ture measured inside the 4 specimens subjected to SC was taken as the target pro-
file to reproduce using EC (see Fig. 3(a), circle-marked line). This was accomplished
by adjusting the electric power, i.e. by variation of the voltage applied to each indi-
vidual specimen.

A clamping jig applied to the stack prevented any loosening of the electrode
contact during curing. Optimal contact was verified by checking that further tight-
ening of the clamp had no effect on the measured resistance. The electrodes were
connected to four independent variable autotransformers (Variac) fed by power line
Alternating Current at 50 Hz. This configuration allowed manual and independent
adjustment of the voltage supplied to each specimen and automatic logging of
the electrical response, with readings taken for both voltage and current every
18 s. Voltage and current waveform readings at a sampling frequency of 5000 Hz
were performed to gain information on the response of the electric load in terms
of impedance.

The surface temperature of NC and EC specimens was measured using a ther-
mographic camera (see Fig. 4). However, due to uncertainty about the emitting
characteristics of the plastic wrapping the surface and the constant evolution of
the water layer bled underneath, the thermal field could not be read in absolute
terms through this method but provides indications on the relative distribution
of temperatures.
3.4. Mechanical testing and magnetic induction testing

Each specimen was notched and tested in a 3-Point Bending (3 PB) setup, with
crack-mouth opening displacement (CMOD) control according to [10]. More data on
the same specimens were obtained by cutting of new specimens unaffected by the
cracks observed in the flexural test. Following the procedure described by Galeote
et al. [35], two cubes free of any insert were obtained by wet-sawing each tested
specimen at the four points where the temperature probes had been embedded
(see Fig. 3). Four of such cubes were used to assess the compressive strength [14]
for each set and the remaining underwent the Barcelona test [15–18]. This set-up
allowed having the same casting and curing conditions for the concrete undergoing
flexural and compression tests, allowing a meaningful parallel assessment of these
properties. The Barcelona test is considered better suited as a material control or
acceptance test, rather than for the assessment of the constitutive properties of
SFRC. However, in this study it was used to collect additional data from the same
specimens tested in bending and to compare the effect of accelerated curing
methods.

Fibre orientation and local content variation due to uneven distribution may
significantly affect the mechanical performance of SFRC and have been studied
extensively by researchers (see for instance Laranjera et al. [36]). In the context
of EC, the bulk electrical conductivity is also crucially influenced by the fibre distri-
bution. Therefore, a specific assessment was undertaken in this study to assess the
possible variation of distribution. Among many proposed techniques, the magnetic
method by Cavalaro and Torrents [11–13] was chosen. This method relates the fibre
content and orientation to the change of induction measured when the specimen is
inserted in a magnetic coil.

Notwithstanding the specific casting procedure consistently applied and
described above and in order to prevent that mechanical and electrical properties
could be related to a peculiar fibre content or orientation existing in the specimens,
the magnetic data was analysed according to the following procedure. Firstly, the
Shapiro-Wilk test was run to confirm the assumption of normality (threshold at
p = 0.05) for both the contents and orientation numbers when grouping together
all specimens with the same fibre dosage. Secondly, the ANOVA F-test was applied
after grouping EC specimens on the one hand and NC and SC specimens on the
other; the lowest p-values found were 0.992 for the content data and 0.192 for
the orientation number, confirming that no statistically significant differences were
present, and the specimens can therefore be considered homogeneous when the
fibre system is concerned. Small material samples for the microstructural analysis
were wet-sawn from the central part of the beam, at a distance of about 50 mm
from the cracked section (see Fig. 2). To hinder further hydration that could reduce
the differences in the microstructure, samples underwent a procedure close to the
freeze-drying described by Zhang and Scherer [37]. First, the were placed in a refrig-



Fig. 3. Evolution of average temperatures over time after mixing for NC, SC and EC (a), evolution of voltage (b), apparent power (c) and resistance (d) over time for EC.

Fig. 4. EC specimens stacked in the electric rig.
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erator at �38 �C for 24 h and, then, dried for 72 h to remove capillary water. Finally,
the samples were placed in a container with magnesium perchlorate hydrates to
maintain their low humidity until testing.

SEM (Scanning Electron Microscopy) was performed with a JEOL JSM 7100F
microscope, at the voltage of 20 kV. Backscattered electron images and EDX (Energy
Dispersive X-ray) analysis were obtained using this configuration. The SEM investi-
gation was conducted on fragments that included a portion of a steel fibre (Fig. 3)
partially encased by the matrix.
4. Results and discussion

4.1. Temperature evolution during curing process

Fig. 3(a) shows the evolution of the temperature inside the con-
crete over time during the curing. Each curve is the average of the
four specimens considering the two innermost probes in each
specimen. This temperature can be considered representative for
the mid-span area that will experience crack formation. NC speci-
mens (dotted line) show a maximum temperature of 37 �C after
about 11.5 h due to the heat of hydration.

Observations made on SC specimens (dotted-dashed line) con-
firmed that the average internal temperature of the concrete is
affected by its thermal inertia, as at the beginning it remains below
the temperature of the chamber. The material temperature then
rises above that of the chamber as the exothermal reaction of the
cement hydration picks up, with a maximum average temperature
inside the concrete of nearly 70 �C at 12 h after cement mixing
(6.5 h after initiation of thermal treatment).

The continuous adjustment of the voltage applied to each spec-
imen in EC kept the temperature within a range of ±3 �C of the
average target value provided by the equivalent specimens sub-
jected to SC. The only exception was found for the mix without
fibre (f00), which showed a more pronounced drop after 13.5 h
of accelerated curing. At this moment, the electric rig reached its
maximum voltage of 250 V, being unable to generate additional
power to cope with the high resistance of the specimen and to
increase the temperature.
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To provide a deeper insight into the EC, Fig. 3(b–d) shows the
evolution over time of average voltage, apparent power and resis-
tance, respectively for mixes f00, f35 and f70. It is worth noting
that the voltage applied had to be increased over time to compen-
sate for the rising resistance, and as a result the electric current
decreased. This is in line with data from the literature
[9,21,26,27,28] and may be the result of the reduction both in con-
tent, quality and continuity of the unbound liquid phase due to the
evolution of the hydration process.

It can be concluded that the evolution of resistivity over time in
all mixes follows a similar trend, remaining at low values at the
beginning and presenting a rapid increase after 6 h of accelerated
curing. A closer analysis (see magnified view within Fig. 3(d))
shows that the inclusion of fibres significantly reduces the bulk
electrical resistivity of fresh concrete as the conductivity of steel
is 7–8 orders of magnitude higher than that of fresh concrete. In
this sense, the role of fibre orientation needs to be stressed, since
a negligible change in resistivity would arise if fibres are oriented
perpendicular to the electric current field, while such change can
be of an order of magnitude when fibres are positioned parallel
to the field.

Assuming no statistical difference of fibre distribution among
specimens (the hypothesis was confirmed in the statistical analysis
of the fibre content and orientation), the averaged resistance of f35
and f70 during the temperature rise phase was respectively 14%
and 27% smaller than that found for f00; by the end of the constant
temperature phase, these differences had doubled. Given the sig-
nificant increase observed in the resistance during the curing per-
iod, it can be assumed that the electrical behaviour of the fibre
matrix interface does not evolve significantly. In other words, the
effect on the bulk conductivity of SFRC is determined by the con-
tent and orientation of the fibres, but its evolution resembles that
of PC.

The apparent power reported in Fig. 3(c) is the product of volt-
age and current and therefore implies that the load is perfectly
resistive, i.e. with unitary power factor. This has been reported in
the literature to be the case for PC [23] and confirmed by impe-
dance measurement carried out in this investigation. For SFRC
however, the analysis of current and voltage waveforms sampled
at 5 kHz indicated that the load is slightly capacitive, with current
leading voltage phasor by approximately 5� for f35 and by 9� for
f70 at the onset of EC. These shift angles decrease linearly and
become close to zero after about 8 h. Consequently, the minimum
values for the power factor are cos(/) = 0.996 and cos(/) = 0.988
respectively, which may be assumed unitary for simplicity of anal-
ysis (like in a perfectly resistive medium).

The specific energy calculated by integrating the apparent
applied power until the completion of the temperature cycle was
41, 54 and 64 kWh/m3 for f00, f35 and f70, respectively. These val-
ues are in line with those found in the literature [4,9,21,22]. In gen-
eral, the energy required for EC depends on the temperature and
length of the cycle, the amount of cement and binder in the mix
and the effectiveness of any insulation deployed.

Interestingly, the higher energy required to cure SFRC is due to
higher heat losses caused by overheating of the extremities. In fact,
the thermal gradients developed along the length of the specimens
were radically different in mixes with and without fibres. Fig. 5
shows typical thermal images taken 3.5 h after the beginning of
the EC. The most striking difference when comparing the images
of Fig. 5(a) and (b) is that, while relatively higher temperatures
are found at the centre of the specimen without fibres (red zones),
the opposite happens in the specimens with fibres, as relatively
higher temperatures were measured at the ends.

These results suggest that the mix without fibre is more homo-
geneous in terms of conductivity and so is the generated power
density. The extremities remain colder in this case because of the
heat dissipated at the boundaries. In contrast, the unfavourable
orientation of fibres due to the wall effect near the electrodes cre-
ates a zone with (relatively) lower conductivity at both ends of the
specimen in comparison with the central part where fibres align
more with the average direction of the electric field. Consequently,
a higher power is generated, and the temperature rises more
quickly at the ends due to the higher resistivity, as reported by
Paillere [9].

Hot spots could be exacerbated by further increasing the matrix
resistivity where maturity progresses faster due to higher temper-
ature, leading to an even higher power density and run-away over-
heating. Although this phenomenon must be considered when
designing an EC application, it affected only marginally the results
of this investigation as the temperature of the central section was
controlled throughout the curing process.

4.2. Mechanical strength

The black lines in Fig. 6(a) and (b) show the average flexural
response of the f70 beams, while the corresponding envelope is
delimitated by grey lines; different dashings are used for the three
different curing methods. It can be immediately observed that both
SC and EC are effective in accelerating the evolution of flexural
strength. At 1 day, SC and EC specimens have flexural strengths
approximately 50% higher than that measured for NC specimens
at the same age (see Fig. 6(a)). In fact, flexural strengths at 1 day
in SC and EC specimens are very close to those reached in NC spec-
imens at 28 days. Interestingly, the overall shape of the test curves
remains similar regardless of the curing method or age, with a
hardening branch until a CMOD (Crack Mouth Opening Displace-
ment) of 0.7 mm and slowly diminishing afterwards.

As shown in Fig. 6(c) and (d), no further significant increase of
the flexural residual strength was observed from 1 to 28 days,
either in SC or EC specimens. Despite the potential influence of
the change in the humidity condition of the specimen, these results
suggest that the major part of the hydration took place during the
first day after mixing. Results for f35 (Fig. 7) follow the same trend,
with lower post-cracking values due to the smaller fibre content.

Fig. 8 shows the compressive strength (upper half) and the flex-
ural strength (lower half) measured for all mixes and curing pro-
cesses. For the latter quantity, the height of the bars shows the
average value of the maximum flexural strength, fx, and horizontal
lines are drawn to indicate the average value of the cracking
strength, fcr. Notice that fx = fcr in the case of f00, as fibres are not
present to bridge the cracks; instead, the addition of fibres resulted
in flexural hardening in f35 and f70 specimens, so that fx > fcr. Error
bars indicate maxima and minima in each set, so to visually show
the variation of the results. The statistical F-test was performed to
evaluate if the differences observed in the comparison were statis-
tically significant. The significance value (p-value) was considered
0.05. Consequently, statistically significant differences in the
results should yield a p-value smaller than 0.05.

EC and SC specimens showed nearly identical cracking flexural
strengths, with no systematic variation for all ages, fibre content
and curing type (i.e., p-value >0.05 in all comparisons). This con-
firms that the strength of concrete matrix is not adversely affected
by EC [9,21], even when fibres are present.

A different conclusion is derived from the analysis of the max-
imum flexural strength measured for mixes with fibres (after
cracking has taken place). In this case, EC specimens consistently
exhibited slightly inferior strength values than equivalent SC spec-
imens. Such observation becomes more evident as the fibre con-
tent increases and at earlier ages, although differences are not
statistically significant (p-value >0.05 in all comparisons). Similar
trends are also observed for other parameters from the flexural
tests that quantify the post-cracking performance. As an example,



Fig. 6. Average and set envelope of Flexural strength-CMOD curves for mix f70: all curing methods at 1 day (a), all curing methods at 28 days and comparison at different ages
for SC (c) and EC (d).

Fig. 5. Typical thermal images taken at 3.5 h for specimen without (a) and with fibres (b) subjected to EC.
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Fig. 7. Average and set envelope of Flexural strength-CMOD curves for mix f35: all curing methods at 1 day (a), all curing methods at 28 days and comparison at different ages
for SC (c) and EC (d).

Fig. 8. Results of compressive strength testing obtained with sawn cubes and flexural cracking and peak strengths.
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Fig. 8 shows the flexural residual strengths and the energy for the
CMOD of 2.5 mm, and also in this case the values of EC specimens
are slightly lower than those of equivalent SC specimens. Once
more, these differences were not statistically significant (p-value
>0.05).

Fig. 9 also reports the energy values from the Barcelona test.
However, due to the high scatter of the results, it is not possible
to confirm or reject any correlation with the trend observed from
the bending tests. It must be noted that the cubes for splitting tests
were sawn from portions of the beams whose temperature was not
always within control during EC (see Fig. 5), which could have con-
tributed to the scatter of these results.

The fact that a trend of lower values for EC is observed for the
maximum flexural strength at the post-cracking stage, but not
for the cracking strength, suggests that the EC might generate
small modifications at the fibre-matrix interface. If this happened,
then the cracking load would remain the same for both curing
methods, as it depends mostly on the matrix, whereas the differ-
ences of maximum flexural strengths would be induced by the
modification caused by EC in the fibre-matrix interface. Such
Fig. 9. Test results: of flexural residual strength for CMOD of 2.5 mm (top), flexural e
penetration (bottom; notice that flexural testing was not carried out on f00).
hypothesis will be further investigated in Section 4.3 through
microstructural analysis of the interface.

Fig. 7 (upper half) also shows compressive strengths measured
for all mixes and curing processes using the cube specimens cut
from the beams. In general, mixes with fibres showed higher com-
pressive strengths compared to the one without fibres, regardless
of the age and curing process. This increase is consistent with
results reported by Aydin [38], and it can be attributed to the addi-
tional confinement provided by the steel fibres to the matrix at
high fibre contents.

At 28 days, SC and EC specimens had lower compressive
strengths than reference NC ones, as typically observed when using
heat accelerated curing [2]. Differences were statistically signifi-
cant for f00 and f35. At 28 days, SC and EC specimens had average
compressive strengths which are 14% and 8% lower than that found
for equivalent NC specimens (p = 0.013 and p = 0.063) for the f00
mix and 10% and 9% lower than that found for equivalent NC spec-
imens (p = 0.035 and p = 0.028) for the f35 mix.

No clear trend or statistically significant differences were found
between the compressive strengths obtained with SC and EC,
nergy values for CMOD of 2.5 mm (middle) and Barcelona test energy at 2.5 mm
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regardless of the presence of the fibres. This confirms that the EC
does not affect the performance of the matrix. It also reinforces
the hypothesis that the slightly smaller post-cracking flexural per-
formance of EC specimens could be related to changes at the fibre-
matrix interface, which would only be perceived once cracks are
formed and the fibres become active.

Interestingly, the compressive and the average flexural cracking
strengths increase over time in all mixes and curing conditions,
including SC and EC, while this trend is absent (if not reversed)
in the evolution of the post-cracking residual strength of mixes
subjected to SC and EC. Such result suggests that, although the
additional hydration taking place from 1 to 28 days can improve
the characteristics of the matrix responsible for the compressive
and flexural cracking strengths, it does not seem to have the same
impact in the fibre-matrix interface that governs the residual
response. Since the main contribution during the pull-out of the
fibres comes from the bending of the anchors, and the concrete’s
modulus of elasticity tends to develop much faster than the
strength [39], a possible explanation of this disparity is that, pro-
vided that the fibre’s tunnel is strong enough to resist crushing
locally, the stiffness of the concrete matrix becomes a major
parameter in establishing the post-cracking residual strength of
the mix. Furthermore, an in-depth analysis of the variability of
the results indicated no evident trend or significant differences in
all comparisons made between SC and EC specimens.
Fig. 11. SEM image of cavity left by fibre from 1d SC (a) and 1d EC (b); higher
magnifications (4300�) reveal more porous morphology from EC.
4.3. Microstructural analysis

As the efficiency of SFRC is greatly dependent on the bond
between fibres and matrix, the microstructural analysis was
focused on the interfacial zone. Chan [40] suggested that bond fail-
ure can either occur at the fibre-paste contact surface (adhesive
failure) or within the heterogenous transition zone (cohesive
failure).

When applying EC, additional concerns emerge, as this zone
also plays a crucial role in the electric conduction mechanism:
metallic fibres have an electronic type of conductivity, i.e. electrons
are the charged particles that move across the medium, in contrast
to the ionic type taking place in the pore solution where ions are
involved. Since fibres contribute to the bulk conductivity of the
composite by bridging regions of pore solution with different elec-
tric potential, each fibre acts like an electrode in an electrolyte, and
electrochemical phenomena may occur, even though stable elec-
trolysis of water is only possible with direct current and not with
alternating current [41]. This aspect thus requires adequate atten-
tion; nevertheless, to the best of the authors’ knowledge, it has
never been investigated in any published work.
Fig. 10. SEM image and EDX spectra of a fibre pu
Fig. 10 shows a comparison of surfaces of fibres pulled out from
NC 9(a) and EC 9(b) samples. In both cases the fibres look relatively
clean, with regular longitudinal grooves, likely to be due to the
drawn-wire manufacturing process. No apparent sign of oxidation
or corrosion in either NC or EC is observed. In general, more prod-
ucts of hydration appear adhered to the latter, as it can be seen in
the magnified rectangles in Fig. 10(a) and (b). Although the differ-
ence is not such to suggest that a completely different failure
mechanism has taken place, it could indicate small variations in
the fibre-matrix interface zone.

Fig. 10 shows a comparison of the surface morphology of the
cavity left by the pulled-out fibre in SC (11(a) and (c)) and EC (11
(b) and (d)) specimens tested at an age of 1 day. The surface in con-
tact with the fibre is more porous in the case of specimens sub-
jected to EC in comparison with that subjected to SC. Such
microstructural difference was, however, not sufficient to produce
a statistically significant change in the post-cracking residual
response observed in the mechanical tests. One possible explana-
tion may be that the increase in porosity is not significant in the
case of EC specimens. Another explanation could be that the resis-
tance provided by the mechanical straightening of double-hooked
fibres during the pull-out conceals the contribution of the surface
friction induced by the variation in porosity.

Fig. 11 shows a back-to-back comparison of the surface mor-
phology of the cavity left by a fibre in SC (11(a) and (c)) and EC
(11(b) and (d)) after 1 day. The microstructure appears signifi-
lled out from NC (a) and EC (b) specimens.



Fig. 12. Thickness and EDX spectra of the interfacial zone, SC.
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cantly more porous after EC and the drawn grooves are not left
imprinted as they are in SC.

Figs. 12 and 13 report a quantitative assessment of the transi-
tion zone after SC and EC, respectively. The formation of a denser
cake-like layer being the result of silica fume precipitation is pre-
sent in both cases, albeit its thickness is reduced by about 50% in
the EC case. The formation of such a layer at the fibre interface
has been reported in the literature [42]; however, without SF addi-
tion this layer is typically richer in calcium hydroxide crystals.

5. Conclusions

This study has built on the existing knowledge about EC (Elec-
tric Curing) and provided additional data and empirical evidence
regarding its application to SFRC (Steel Fibre Reinforced Concrete),
with an emphasis on its influence in the post-cracking perfor-
mance. Results derived from the experimental programme confirm
the feasibility of applying EC in elements made with SFRC.

The following conclusions can be drawn from this study:

a. The evolution of the conductivity of concrete over time
should be considered for the design of the rig used for EC.
The inclusion of fibres leads to a reduction of the resistivity
of concrete, requiring the application of decreased voltage to
achieve a certain temperature compared to a concrete with-
out fibres. Despite this advantage, variations in the fibre dis-
tribution and orientation due to the wall effect can create
zones with different conductivity within the volume of the
element. This favours heat concentration and differences of
temperature in the specimen. Fibre aspect ratio is likely to
play a role in this aspect, but this study was limited only
to one fibre typology.

b. The analysis of the mechanical properties of specimens pro-
duced with EC indicate that approximately the same
mechanical properties can be obtained as SC for specimens
with and without fibres, if the same temperature curve is
applied. This suggests that the influence of EC in the evolu-
tion of properties of the matrix is similar to that of SC, being
mainly governed by the temperature induced – not by elec-
trochemical processes. This is consistent with previous stud-
ies available in the technical literature for PC, and it is now
also confirmed for SFRC for the first time.

c. The 1-day strength of specimens subjected to accelerated
curing (both EC and SC) was 50% higher than that observed
in specimens subjected to NC (Fig. 7). At 28 days, EC and
SC specimens showed poorer mechanical performance com-
pared to equivalent NC specimens. No statistically signifi-
cant differences between EC and SC were found in all
mixes and different ages tested.

d. The compressive and the average flexural cracking strengths
increase over time in all mixes and for different curing con-
ditions (including SC and EC). A negligible evolution of the
post-cracking residual performance is observed in mixtures
subjected to SC and EC. Such result suggests that, although
hydration is ongoing between 1 and 28 days which improves
the characteristics of the matrix responsible for the com-



Fig. 13. Thickness and EDX spectra of the interfacial zone, EC.
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pressive and flexural cracking strengths, it does not seem to
have the same impact on the fibre-matrix interface that gov-
erns the residual response.

e. The post-cracking flexural response of EC specimens with
fibres was repeatedly below that obtained for equivalent
specimens subjected to SC. This trend was more evident at
earlier ages and in specimens with the highest fibre content.
Although differences are not statistically significant in any of
the reported cases, such consistent observation suggests that
EC could affect the microstructural characteristics or the
composition of the matrix-fibre interface, producing a minor
reduction of the flexural residual performance.

f. The microscopical analysis confirmed differences in the
matrix-fibre contact area of samples subjected to EC and
SC. A more porous interface was found in the case of EC,
which may be responsible for the minor reduction in the
post-cracking performance of the specimens. One possible
explanation would be that transitional resistance appears
at the interface due to a double electric layer formed by elec-
trons in the metal and ions in the liquid phase of the matrix.
This creates an obstacle for the passage of electric current
and may originate expansion of air bubbles and drying
caused by migration and evaporation of moisture near the
surface, thus inducing higher porosity in the interface.

Further studies should be performed to confirm conclusion (f)
and to analyse the presence of differences in terms of chemical
composition at the interface. On the practical implementation of
the method, better electrode configuration should be devised to
avoid overheating.
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