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Abstract: Conventional thermal curing techniques may reduce curing periods but frequently compromise long-term efficacy through micro-
cracking and delayed ettringite proliferation. Pulsed electric field (PEF) processing offers an alternative methodology to expedite the hydration
process without the drawbacks of high-temperature curing. In this investigation, cement pastes were formulated with varying water–cement
(w/c) ratios (0.20–0.65) and subjected to different electric field intensities ranging from 0.5 to 1.5 kV=cm for durations of up to 50 min.
Immediately after PEF treatment, specimens were air-cured at the ambient temperature (25� 2°C) for 28 days. Thermal profiles were moni-
tored throughout curing to assess the hydration rate, and 28 day compressive strength evaluations were conducted to quantify the mechanical
performance. Supplementary microstructural analyses were executed via scanning electron microscopy (SEM) to identify potential morpho-
logical alterations in the cement matrix arising from PEF. The results indicate that moderate PEF intensities (0.5 kV=cm) with an optimal w=c
ratio (0.40–0.45) significantly accelerated early-age hydration rates, reaching thermal peaks approximately 5–6 h prior to those observed for the
control specimens (0.0 kV=cm). Under these conditions, increases of up to 20% in the maximum compressive strength (reaching ∼41 MPa at
28 days) were documented compared to conventional curing. Conversely, high electric field intensities (≥1.0 kV=cm) caused excessive thermal
escalation (up to ∼89°C for a w=c of 0.20), which gave rise to localized microcracking and attenuated strength at later ages. SEM inspections
corroborated these observations, indicating denser hydration products and diminished porosity under optimal PEF conditions, whereas higher
field strengths increased the porosity and microfissuring. In essence, the use of PEF under meticulously controlled conditions of field intensity
and water content represents an effective, energy-efficient technique for promoting cement hydration. By diminishing the curing period without
jeopardizing the long-term characteristics, PEF-enabled curing offers a promising next-generation approach for high-performance cementitious
materials. Further investigation is advocated to optimize the field parameters, characterize the long-term durability under realistic environ-
mental conditions, and extend this technique to full-scale concrete constructs. DOI: 10.1061/JMCEE7.MTENG-22129. © 2026 American
Society of Civil Engineers.

Practical Applications: This research on PEF processing offers significant practical applications for enhancing cement hydration in con-
struction.When used with an optimized w=c ratio and moderate electric field intensities of ∼0.5 kV=cm, PEF can substantially accelerate early-
age hydration, resulting in strength improvements of up to 20% compared to conventional curing methods. This technology allows for reduced
curing times, which is particularly beneficial in projects where time efficiency is crucial, such as in rapid construction environments or during
adverse weather conditions. Further, the findings suggest that PEF processing could be implemented in the production of high-performance
cementitious materials to ensure that the desired mechanical properties are attained promptly. The denser hydration products and improved
microstructure obtained under optimal PEF conditions may lead to enhanced durability in concrete applications, making this process suitable for
infrastructure that will be faced with harsh environmental conditions. As the construction industry increasingly embraces sustainable practices,
PEF technology stands out as an energy-efficient solution that mitigates the long-term degradation issues associated with traditional thermal
curing, positioning it as a promising method for advancing modern concrete technologies. Further exploration of this methodology could pave
the way for its integration into large-scale concrete production.

Author keywords: Pulsed electric field (PEF); Accelerated curing; Cement paste; Hydration kinetics; Microstructural development;
Compressive strength.

Introduction

Pulsed electric field (PEF) processing has emerged as an up-and-
coming alternative to the prevailing accelerated curing methodolo-
gies, which predominantly depend on elevated thermal conditions to
create rapid strength enhancements in cementitious materials (Che
et al. 2025; Nepomnyashchev and Titov 2023; Ma et al. 2023; Wang
et al. 2023). Thermal-based methods, such as steam curing, are
characterized by substantial energy consumption and may have
considerable drawbacks. The elevated temperatures that accelerate
the hydration process frequently result in microcracking, as the rapid
transfer of heat engenders pronounced thermal gradients within the

1Research Unit of Applied Electric Field in Engineering, College of Integrated
Science and Technology, Rajamangala Univ. of Technology Lanna, ChiangMai 50220,
Thailand. Email: chatchawan_kantala@yahoo.com

2Professor, Dept. of Civil Engineering Technology, Faculty of Industrial
Technology, Phanakhon Rajabhat Univ., 9 Chaengwattana Rd., Bangkhen, Bangkok
10220, Thailand. Email: natt@pnru.ac.th

3Professor, Dept. of Mechanical Engineering, Faculty of Engineering, Thammasat
Univ., Pathum Thani 12120, Thailand (corresponding author). Email: ratphadu@engr
.tu.ac.th

Note. This manuscript was submitted on April 3, 2025; approved on October 29,
2025; published online on June 20, 2026. Discussion period open until November 20,
2026; separate discussions must be submitted for individual papers. This paper is part
of the Journal of Materials in Civil Engineering, © ASCE, ISSN 0899-1561.

© ASCE 04026282-1 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2026, 38(9): 04026282 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
at

t M
ak

ul
 o

n 
06

/2
3/

26
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 

https://doi.org/10.1061/JMCEE7.MTENG-22129
mailto:chatchawan_kantala@yahoo.com
mailto:natt@pnru.ac.th
mailto:ratphadu@engr.tu.ac.th
mailto:ratphadu@engr.tu.ac.th


concrete matrix. This thermal incongruity can undermine the in-
terfacial transition zone between the cement paste and the aggre-
gates, thereby adversely affecting the material’s long-termmechanical
properties and durability.

The propensity for high temperatures to instigate delayed ettrin-
gite formation (DEF) is of particular concern. This phenomenon
arises when sulphates are liberated during hydration and recrystal-
lize within cracks or voids under cooler ambient conditions. DEF
is acknowledged as one of the principal contributors to premature
degradation in concrete infrastructures, often culminating in ex-
pansion and cracking. Moreover, the apparatus requisite for steam
curing, which includes pressurized chambers and specialized boiler
systems, incurs substantial operational expenditure, rendering large-
scale or on-site implementations logistically onerous and environ-
mentally detrimental due to elevated carbon emissions. In recent
years, various innovative concrete curing techniques have been in-
vestigated with a view to enhancing the performance and sustain-
ability of construction materials. Cementitious systems have been
proposed that are capable of storing electrical energy, introducing
a new dimension in which structural elements can also function as
energy sources. Low-temperature microwave curing of ultrahigh-
performance concrete has been shown to accelerate early strength
development and to generate unique crystalline structures that are
not observed with conventional curing methods. In addition, micro-
wave curing in concrete repair applications has demonstrated signifi-
cant reductions in curing time and energy consumption, although
careful temperature control is required to ensure long-term quality.
Moreover, electrical curing has been found to produce finer pore
structures and consume less energy compared to steam curing.

Collectively, these advancements reflect a growing trend in
the development of concrete curing technologies that emphasize
efficiency, rapid strength gain, and environmental sustainability in
modern construction (Huang et al. 2025; Li et al. 2025; Mangat
et al. 2021; Yang et al. 2021). In contrast, PEF curing utilizes rig-
orously controlled electric fields rather than high heat to enable the
hydration process to take place more rapidly. This focused elec-
trical stimulation can reduce construction timelines without inducing
the thermal stress and microstructural damage commonly associated
with steam-cured concrete. Empirical studies have indicated that
direct electric curing (DEC), a variant of PEF, can give a one-day
compressive strength that approaches 90% of the strength typically
observed at 28 days (Nepomnyashchev and Titov 2023; Ma et al.
2023). Further, the application of electric fields enhances the mi-
crostructural integrity by diminishing porosity and refining pore
connectivity, thereby contributing to a stronger bond within the ce-
ment paste (Nepomnyashchev and Titov 2023; Ma et al. 2021). This
renders PEF curing particularly advantageous for infrastructure in-
itiatives that require high early-age strength while concurrently
mitigating the risks of long-term deterioration. In addition to these
performance enhancements, PEF-based techniques are associated
with significantly lower energy consumption (occasionally as minimal
as 1.18% of the energy required for steam curing when supplemented
with accelerators), thereby presenting a more sustainable and eco-
nomically viable approach to producing durable, high-performance
concrete (Ma et al. 2023). Despite the necessity for precise regu-
lation of the electric field parameters to avoid microfissuring and
other adverse effects, the available evidence indicates that PEF cur-
ing effectively addresses the fundamental limitations of traditional
thermal treatments while offering novel avenues for sustainable and
efficient concrete production.

PEF is also increasingly being used to augment or modify ce-
mentitious materials, for example in processes such as microbial
inactivation and aggregate recycling. However, the introduction of
electric fields can profoundly transform the chemical and physical

properties of cement-based systems, potentially jeopardizing their
long-term durability and structural integrity. The principal constraints
emerge from accelerated calcium leaching, increased vulnerability to
sulphate attack, and significant alterations in microstructure, each of
which can undermine the compressive strength. One notable concern
is calcium leaching, which is exacerbated by ion migration under
electric fields and results in a marked deterioration of the microstruc-
ture over time (Huang et al. 2023a). This phenomenon elevates
porosity, particularly at the cathode, and diminishes the compressive
strength of the mortar. The application of electric fields also accel-
erates the diffusion of sulphate ions into the matrix, intensifying
sulphate attacks and causing more severe degradation than under
conventional curing conditions (Liu et al. 2024). These effects are
further amplified by elevated water–cement ratios, which give rise to
enhanced permeability and expedited damage. Moreover, water
electrolysis can generate bubbles and localized thermal fluctuations,
while high-voltage pulses may induce plasma channels and thermal
expansion pressures that collectively compromise the material’s
pore structure (Li et al. 2023; Osuna et al. 2022).

From an engineering perspective, the fundamental mechanism
of PEF processing resides in its ability to facilitate rapid ionic mi-
gration and electroosmotic flow. In cementitious substances, such
electric field-induced phenomena not only expedite the dissolution
of clinker components but also increase the subsequent precipitation
of calcium silicate hydrates and other products that are essential for
strength enhancement. Unlike thermal treatments, which commonly
lead to the introduction or aggravation of microcracking and post-
poned ettringite formation, PEF exerts minimal direct thermal en-
ergy, consequently preserving the overall durability. The voltage
magnitude and pulse characteristics (e.g., duration, frequency)
must be meticulously optimized to prevent undesirable thermal
spikes and localized field intensities. Notwithstanding these consid-
erations, however, the potential for reduced energy consumption,
accelerated curing, and enhanced performance has attracted bur-
geoning academic and industrial interest in PEF processing as a
sustainable alternative to traditional methods of expediting reac-
tions in cement-based composites.

Collectively, these processes emphasize the long-term durability
challenges encountered by PEF-treated cementitious materials and
underscore the necessity for protective strategies (Smith et al. 2009).
For instance, the incorporation of supplementary cementitious mate-
rials such as fly ash can alleviate specific detrimental impacts, includ-
ing calcium leaching and excessive strength reduction (Kuznetsova
et al. 2011). Nonetheless, additional research is needed to optimize
the material composition and processing parameters and to de-
velop protective methodologies that diminish the risk of structural
degradation. Such endeavors are essential to fully exploit the advan-
tages of PEF in cement-based systems while preserving the mecha-
nical integrity of the material and its extending service life.

Cement hydration is inherently slow and requires extended cur-
ing periods to attain the mechanical strength and durability necessary
for most structural applications. Conventional accelerated curing
methods, such as steam or elevated-temperature treatments, can
accelerate the hydration process but often at the expense of long-
term performance. These methods may induce microcracking, ag-
gravate DEF, and increase the overall energy demand. Consequently,
there is a clear need for new, efficient techniques that expedite
cement hydration without causing detrimental side effects. PEF
represents a promising alternative due to its nonthermal mode of
action, which selectively enhances the hydration kinetics while pre-
serving microstructural integrity. However, effectively implement-
ing this emerging technology requires a deeper understanding of
how water content interacts with PEF to influence hydration path-
ways and the final microstructure. Investigations of PEF-assisted
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curing under varying water–cement ratios will have critical impli-
cations for the scientific community and the construction indus-
try. Elucidation of the theoretical mechanisms by which electric
fields affect ion transport and reaction rates can lead to broader
insights into cement chemistry and crystallization processes. From
the standpoint of applications, PEF-based curing could enable the
rapid, energy-efficient, and ecofriendly production of high-strength
cementitious materials if optimized effectively. This technology
could ultimately reduce CO2 emissions, construction timelines, and
material costs, making it particularly relevant in large-scale infra-
structure projects where sustainability, reliability, and expedited
construction are paramount. Moreover, the enhanced microstruc-
tural development achieved though this approach could extend the
lifespan of cement-based structures, thus giving longer service
intervals and diminished resource consumption over a project’s
entire life-cycle.

Mechanism of Accelerated Curing by Pulsed
Electric Fields

In addition to simply moving ions, PEF can also influence the micro-
environment of hydration reactions. Short, high-intensity pulses in-
troduce localized electrical currents that are capable of breaking
down any transient passivating layers on the surfaces of partially
hydrated cement grains (Susanto et al. 2015; Bredenkamp et al.
1993). The pulsed nature of the field reduces the risk of excessive
Joule heating, a common challenge in direct current or continuous
high-voltage methods, while still transiently raising the local temper-
atures sufficiently to speed up the chemical kinetics. Concurrently,
electroosmotic flow can improve pore connectivity and fluid trans-
port, further ensuring that water and dissolved ions reach unhydrated
cement particles. Moreover, repetitive pulsing can help disrupt or
destabilize clusters of unreacted grains, thereby increasing their
surface area exposed to water. Taken together, these electrodriven
effects significantly shorten induction periods, enhance the rate of
hydration product formation, and ultimately yield a denser, more
homogeneously hydrated cement paste in far less time than standard
curing practices. We present two sets of equations, one of which
characterizes the ionic translocation phenomenon in the presence
of an applied electric field and the other clarifies the essential hy-
dration reactions in cement, thus jointly contributing to the under-
standing of the mechanism by which PEF facilitates curing (Susanto
et al. 2015; Yang et al. 2017; Gawel et al. 2022; Bredenkamp et al.
1993).

Nernst–Planck Equation for Ionic Transport

When an electric field E is applied to a cement paste, the flux Ji of
each ionic species (e.g., Ca2þ, OH−) within the pore solution can be
described by the Nernst–Planck equation [Eq. (1)] (Huang et al.
2023b)

Ji ¼ −Di∇ci þ ziFμiciE ð1Þ

where Di = the diffusion coefficient of Species i; ci = the concen-
tration of Species iii in the pore solution; zi = the ionic charge (va-
lence); F = the Faraday constant (approximately 96,485 C · mol−1);
μi = the ionic mobility (related to how easily Species iii moves
under an electric field); and E = the electric field vector. The first
term on the right, −Di∇ci, therefore represents diffusion driven by
concentration gradients, while the second term, ziFμiciE, repre-
sents migration due to the applied electric field. In PEF curing,
the repeated short bursts of the electric field enhance ion transport
in and around the hydrating cement grains, thus expediting the for-
mation of hydration products.

Hydration Reactions in Cement

Under normal (nonelectric) conditions, tricalcium silicate (C3S),
dicalcium silicate (C2S), tricalcium aluminate (C3A), and tetracal-
cium aluminoferrite (C4AF), one of the main clinker phases in
composite cement, form hydrates as shown in Eqs. (2)–(5)

C3Sþ ðxþ yÞH2O → Cx-Sy-Hz þ CHþΔH or 2C3Sþ 6H2O

→ C3S2H3 þ 3CaðOHÞ2 ð2Þ

2C2Sþ 4H2O → C3S2H3 þ CaðOHÞ2 ð3Þ

3CaO · Al2O3 þ 6H2O → 3CaO · Al2O3 · 6H2O ð4Þ

C4AFþ 10H2O → C3AH6 þ C3FH6 ð5Þ
where C3S = tricalcium silicate (often written as 3CaO · SiO2);
Cx-Sy-Hz = calcium silicate hydrate, the primary binder phase
responsible for strength; CH = calcium hydroxide (CaðOHÞ2);
ΔH indicates the exothermic heat released; and x and y = stoichio-
metric coefficients representing water consumption and product
formation. When PEF is applied, ionic species such as Ca2þ and
OH− move more efficiently though the pore solution (as described
by the Nernst–Planck equation above), thereby accelerating the dis-
solution of cement grains and the subsequent precipitation of hy-
dration products. This results in faster formation of C–S–H, which
leads to improved early-age strength and a denser microstructure
compared to conventional curing methods.

By incorporating these processes, the electric field element
present in the Nernst–Planck equation significantly boosts ionic
mobility, consequently reducing the induction phase of cement hy-
dration and facilitating the rapid deposition of C–S–H and CH. This
intensified ion transport also facilitates a more uniform and dense
development of the hydration products, augmenting the packing
density and decreasing the occurrence of substantial pores. Conse-
quently, the swift generation of C–S–H engenders elevated early-
age strength while potentially reducing the overall curing durations
and sustaining (or even augmenting) long-term durability.

Materials and Methods

This study involves a systematic investigation of how varying the
water content and PEF treatments influence the hydration and me-
chanical characteristics of cement pastes. Ten distinct cement–
water ratios (w=c ¼ 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55,
0.60, and 0.65, w=w) are used to capture the effect of water content
on early-age and long-term performance. Each formulation is
cured under two principal conditions: (1) conventional air curing
(control); and (2) PEF-assisted curing at electric field intensities
of 0.5, 1.0, and 1.5 kV=cm for a treatment time of 50 min. Spec-
imens subsequently undergo a standardized 28-day air-curing reg-
imen at 25� 2°C. By characterizing the physical and mechanical
attributes, such as the compressive strength and microstructural
characteristics, this research aims to elucidate the role of the water
content and the electric field parameters in expediting cement hy-
dration and enhancing the overall material performance, as shown
in Fig. 1.

Materials

In this investigation, hydraulic cement (HC), type GU, for general
construction adhering to ASTM C1157 (ASTM 2017), was used
as the cementitious material. Scanning electron microscopy (SEM)
images of HC particles (2,000×) and X-ray diffraction (XRD) re-
sults for HC quantity of compound name and chemical formula are
shown in Figs. 2(a and b). The cement was procured from a regional
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Fig. 1. Scope of the study.

Compound name Chemical formula Quantity (%)
Alite 3CaO·SiO2 72.00
Calcite CaCO3 14.99

Brownmillerite Ca2(Al, Fe)2O5 11.28

Other MgO, Fe2O3 1.75

(a)

(b)

Fig. 2. (a) SEM microscopic of HC particles (2,000×); and (b) XRD results of HC quantity of compound name and chemical formula.
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producer in Thailand to ensure conformity with pertinent quality
assurance protocols. Further, purified, filtered water with a neutral
pH was employed for amalgamation and curing, thereby preserving
uniform hydration conditions throughout the experimental process.

PEF Processing

Fig. 3 depicts the PEF apparatus engineered for this investigation.
The configuration consists of a single-phase high-voltage trans-
former rated at 22 kV, powered by a supply that is adjustable from
0 to 220 VAC. The transformer’s secondary terminal is linked to a
diode (40 kV=1 A) and a charging resistor, which collectively mod-
ulate the charging current of a 1 μF, 40 kV capacitor. Once the
capacitor attains the requisite charge level, a rotating spark gap dis-
charges the accumulated energy into the treatment chamber. High-
voltage probes (HV/probe) are situated at strategic positions to
quantify voltage waveforms, and the signals are recorded by a dig-
ital multimeter and an oscilloscope for contemporaneous monitoring
and diagnostics. In execution, the rapid discharge of the high-
voltage capacitor though the spark gap engenders short-duration,
high-voltage pulses that are transmitted into the cementitious sam-
ple within the treatment chamber. By modulating the applied voltage
(0–220 VAC) and adjusting the spark gap, the magnitude (kV/cm)
and frequency of pulsed discharges can be finely adjusted. This
degree of regulation is imperative in order to ensure that the PEF
treatment expedites hydration without engendering adverse thermal
spikes or microstructural impairment. The schematic representation
in Fig. 3 shows each principal component and its function in pulsed
generation, measurement, and sample treatment, thereby providing
a comprehensive overview of the PEF operation employed in this
research.

High-voltage probes (HV/probe) are situated anterior and pos-
terior to the spark gap to enable real-time observation of voltage
waveforms, with measurements made via a digital multimeter and

oscilloscope. The angular velocity of the rotating spark gap can be
modified to adjust the pulse repetition frequency, while the voltage
across the capacitor is controlled by the varies on the primary side.
These mechanisms facilitate careful calibration of the pulse ampli-
tude (0.5–1.5 kV=cm, as aimed for in this investigation), frequency,
and treatment duration (10–50 min) to align with the specific exper-
imental aims. The dimensions of the treatment chamber (for instance,
300 × 300 × 300 mm, or sized in accordance with the desired speci-
men morphology) are engineered to accommodate standard cement
cubes (100 × 100 × 100 mm) or other test configurations. Within
this enclosure, the electric pulses traverse uniformly though the
specimen, augmenting the hydration kinetics without producing the
substantial thermal gradients that frequently arise in continuous high-
voltage or steam-curing systems. By systematically manipulating the
voltage levels, pulse durations, and water–cement ratios, research-
ers can isolate the optimal PEF conditions for expediting early-age
strength development and enhancing microstructural evolution in
cement-based materials.

Mixing and Specimen Preparation

All mixing procedures were carried out for 10 min following the pro-
tocol illustrated in Fig. 1. The HC (of type GU) was combined with
water at various w=c ratios of 020–0.65 using a mechanical mixer.
The fresh mixed paste was then cast into a custom-designed chamber
mold to produce 100 × 100 × 100 mm specimens in accordance
with BS 1881: Part 3 (BSI 1983), as shown in Fig. 3. These samples
were subsequently subjected to PEF curing followed by air curing.

Cement paste specimens were prepared by thoroughly blending
HC with water in a mechanical mixer at the specified ratios. Spec-
imens measuring 100 × 100 × 100 mm were then cast and allowed
to set at room temperature (25� 2°C). Two curing methods were
employed: air curing (control) and PEF curing with electric field in-
tensities of 0.5–1.5 kV=cm at a frequency of 1 Hz, with the number

Transformer Specimen

Pulsed electric field 
(PEF)

Chamber
Control system

Fig. 3. PEF apparatus.
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of pulses varying in the range 0, 10, 20, 30, 40, and 50 min. For
PEF curing, as shown in Figs. 4(a and b), after mixing, the cement
paste was poured into the mold in three layers, with each layer
being uniformly tamped or vibrated to remove entrapped air. Once
the final layer had been placed, the surface was leveled off, and the
specimens were covered to maintain a consistent humidity and tem-
perature. The molded specimens were then left undisturbed for 24 h
at room temperature (25� 2°C) before the subsequent curing or
demoulding procedures. For PEF treatment, each molded specimen
was carefully positioned between two electrodes, to ensure secure
and uniform contact with the electrode surfaces. This arrangement
enabled the PEF to be applied effectively though the cement paste,
thereby accelerating the hydration process while preserving uni-
form treatment conditions, as shown Fig. 4(c). After the PEF curing
process, each specimen was removed from the curing chamber and
transferred to a controlled environment. From this point onward,
specimens were cured under standard conditions until the desig-
nated testing age of 28 days [Figs. 4(d–f)].

Results and Discussion

Temperature Rise during Curing with PEF and
Continuous Curing with Air

Fig. 5 shows the correlation between the fluctuating electric field
intensities at 0 (control), 0.5, 1.0, and 1.5 kV=cm and the hardening
rate of the cement pastes. As the field strength escalates, the hard-
ening rate increases correspondingly. Further, the w=c was modi-
fied within the range of 0.20 to 0.65. In the absence of an electric
field (0.0 kV=cm) and a minimal w=c of 0.25, the specimen at-
tained its peak hardening temperature of 61.0°C at 4.5 h, whereas
at w=c ¼ 0.65, the base peak of 45.6°C was observed at 8.7 h.When
specimens were exposed to PEF for 50 min, followed by air curing
at 25� 2°C for 28 days, the 0.5 kV=cm condition exhibited a com-
parable temperature and duration to the control. However, increas-
ing the field to 1.0 kV=cm resulted in a maximum temperature of
73.8°C at 2.7 h (w=c ¼ 0.25), with the lowest peak of 52.7°C
occurring at 5.0 h (w=c ¼ 0.65). At 1.5 kV=cm, the temperature
intensified to 89.2°C at 1.8 h (w=c ¼ 0.20) and subsequently dimin-
ished to 69.0°C at 2.4 h for w=c ¼ 0.60. Thereafter, all specimens

(PEF-treated and untreated) were enveloped in plastic and air-cured
for an additional 24 h at the ambient temperature and then preserved
until 28 days for an assessment of the mechanical properties. Nota-
bly, after attaining each maximum hardening temperature, the tem-
perature declined due to waning hydration reactions (Makul and
Sua-iam 2024; Sánchez et al. 2024).

Fig. 5 illustrates the different temperature profiles observed for
cement pastes subjected to PEF curing compared to those under
conventional control conditions (0 kV=cm). Under control curing,
the gradual exothermic reaction of tricalcium silicate (C3S) and
other clinker phases causes the temperature to reach a modest peak,
usually between 50°C and 60°C, over several hours. In contrast, the
application of PEF at intensities of 0.5, 1.0, or 1.5 kV=cm triggers a
steeper rise in temperature within a considerably shorter timeframe,
often culminating in peak values 10°C–30°C above the control. As
depicted in Fig. 5(b), a moderate electric field of 0.5 kV=cm yields
a rise to approximately 55°C–60°C within roughly 5 h, reflecting
accelerated ion transport and hydration reactions. At 1.0 kV=cm,
as shown in Fig. 5(c), the peak temperature becomes closer to
70°C–75°C in under 3 h. Meanwhile, the highest applied field of
1.5 kV=cm [Fig. 5(d)] drives the system to a temperature of around
85°C–90°C in as little as 2 h, demonstrating the potency of pulsed
fields in expediting exothermic cement reactions.

To understand this rapid temperature escalation, the Nernst–
Planck equation for ionic transport is helpful. In conventional
diffusion-driven hydration, species such as Ca2þ and OH− move
though the pore solution, chiefly in response to concentration gra-
dients. However, the electromigration term in the Nernst–Planck
equation, Ji ¼ −Di∇ci þ ziFμiciE, becomes dominant under an
external electric field, particularly under the short, high-voltage pulses
characteristic of PEF (Huang et al. 2023c). The factor JiziFμiciE
greatly enhances ion flux, thereby increasing the availability of
reactants at the surfaces of unhydrated cement grains. This prompts
a quicker onset of the exothermic hydration reactions that generate
calcium silicate hydrate (C–S–H), calcium hydroxide (CH), and
other products (Rolle et al. 2018; Horne 1983). The faster and more
localized these reactions become, the more abruptly heat is released.
Indeed, the relationship between electric field intensities and tem-
perature peaks is almost proportional when other variables, such as

Fig. 4. Specimen preparation and testing: (a) assemblage of specimen in mold; (b) specimen before PEF curing; (c) specimen connected to two electrodes, positive (+) and
negative (−); (d) specimen after PEF curing; (e) specimens to be cured until testing time; and (f) specimens under compressive test.
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the w=c ratio, remain constant. In practice, lower w=c ratios
(e.g., 0.20–0.30) give a denser matrix with fewer water-filled pores
and thus less ability to dissipate heat; consequently, temperature
spikes of up to 85°C–90°C are observed at 1.5 kV=cm. Although
such high temperatures can promote remarkably swift strength de-
velopment, they also create a risk of microcracking from thermal
gradients if the interior and exterior of the specimen cool at differ-
ent rates once PEF treatment ceases.

From the standpoint of hydration chemistry, the exothermic re-
actions at play, particularly those involving C3S and dicalcium sil-
icate (C2S), are heavily influenced by the local concentration of
ionic species. The application of PEF mobilizes these ions more
efficiently and produces intermittent bursts of energy that reduce
the induction period, effectively shifting a significant portion of the
hydration exotherm into an earlier time window. Without an electric
field, the induction phase might last several hours, whereas with
PEF, the same phase may be completed in under an hour, hastening
the point at which C–S–H gel nuclei proliferate (He et al. 2018;
Hao et al. 2022; Engel’sht and Muratalieva 2013; Qi et al. 2021).
The localized increase in temperature resulting from these newly
formed hydrates further boosts the chemical kinetics, creating a
feedback loop of early-age heat release. Hence, Figs. 5(b–d) can be
viewed as a visual representation of this synergy: fields of 0.5, 1.0,
and 1.5 kV=cm progressively ramp up ion transport and, by exten-
sion, accelerate the hydration exotherm.

It can be observed that, once the PEF treatment concludes, spec-
imens are typically transitioned to an air-curing environment at
25� 2°C. This phase stabilizes the cement matrix after the intense
heat buildup shown in Figs. 5(a–d). In practical terms, the sub-
sequent cooling behavior is intimately linked to the high tempera-
ture reached during PEF curing and the w=c ratio, which dictates the
thermal conductivity and specific heat capacity of the paste. If the
peak temperature surpasses 80°C–85°C, which is often the case
under 1.5 kV=cm, then the interior region may remain hotter than
the surface for an extended period, creating a potential for thermal
stress as the surface cools more rapidly. This mismatch can spawn
microcracks or interfacial defects, especially at lower w=c ratios
where the microstructure is already dense and less forgiving of
abrupt volumetric changes. Nevertheless, many experiments dem-
onstrate that if the field intensity is moderate (around 0.5 to
1.0 kV=cm) and the w=c ratio is kept in the range 0.40–0.50, the
temperature peaks at around 60°C–75°C. While this is notably
higher than for control curing, it remains below the critical thresh-
olds associated with widespread thermal damage.

From a mechanistic perspective, the final shape of the temperature-
time curve represents a balance between ongoing exothermic hy-
dration, which is driven by the chemical transformations of C3S
and the other clinker phases and heat dissipation into the ambient
environment. The simplified hydration reactions show the follow-
ing. The release of ΔH slows after the first few hours, once the
availability of fresh cement grains and unreacted water diminishes.
Consequently, although PEF compresses the induction period and
accelerates early C–S–H formation, the rate of heat release tapers
as the sample ages. If air curing proceeds uniformly, the specimen
gradually equilibrates, allowing hydration to continue below dam-
aging temperatures. This gentle cooling phase also helps avoid the
rapid contraction that could exacerbate cracking, as mild temper-
ature differences are far less likely to induce significant tensile
stresses. Moreover, the Nernst–Planck-driven ionic flux that takes
place during pulsing may persist at a lower intensity when the elec-
tric field is removed, an effect that is primarily governed by diffusion
and any mild electrostatic residuals within the matrix. By the time the
system enters the pure air-curing mode, much of the microstructural
densification, which is associated with robust C–S–H formation, will

Fig. 5. Temperature and curing times for air-curing: (a) control (0.0 kV=cm) and
accelerated curing with PEF for 0–50 min and continued incubation for 24 h at electric
field intensities 0.5–1.5 kV=cm; (b) PEF at 0.5 kV=cm; (c) PEF at 1.0 kV=cm; and
(d) PEF at 1.5 kV=cm.
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have already been established. Upon microscopic inspection, re-
searchers often observe that these specimens possess higher early
strengths (compared to non-PEF or control samples) and a more
homogeneous microstructure. Pore distribution tends to be more
uniform, and the interfacial transition zones are less porous, yield-
ing improved mechanical properties over extended curing times.
Thus, the temperature spike indicated in Figs. 5(b–d) is not merely
a byproduct of PEF curing but an integral driver that reshapes the
hydration profile. The temperature rise illustrated in Figs. 5(a–d)
therefore highlights the powerful impact of PEF on cement paste
hydration temperatures and the essential interplay of the Nernst–
Planck equation with exothermic cement reactions. Although the
higher temperature peaks give earlier strength gains and microstruc-
tural refinement, they must be judiciously managed to circumvent
thermal damage. By coupling optimized PEF parameters, such as
field intensity, pulse duration, and frequency, with balanced w=c
ratios and a proper cooling regimen, the advantages of rapid hydra-
tion can be harnessed while preserving long-term durability. This
synergy ultimately positions PEF curing as a compelling alterna-
tive to conventional high-temperature methods, as it offers a means
of achieving fast, energy-efficient cement curing without the in-
herent drawbacks of steam curing or autoclaving [Lee et al. 2023;
Wu 2023; E. Demir et al., “Method involving PEF treatment and
drying,” US Patent No. 20,200,281,219A1 (2017); Schottroff et al.
2020].

Table 1 illustrates how the PEF intensity and w=c ratios to-
gether shape the maximum temperature reached during accelerated
curing (and the time taken to achieve that peak) for cement paste
specimens. It can be observed that higher electric field intensities
are correlated with faster and higher temperature rises, an outcome
consistent with PEF’s capacity to enhance ionic movement and
expedite the exothermic hydration reactions.

We also note the effect of varying the w=c ratio from 0.20 to
0.65: smaller w=c values (i.e., more cement relative to water) show
more pronounced heating under PEF, whereas higher w=c ratios
moderate these thermal escalations. A clear pattern emerges for the
0 kV=cm (control) column. As the water content increases, the
maximum temperature and time taken to reach it generally declined
or lengthened, respectively. For example, at 0.25, control samples
reached a peak of 61.0°C in 4.5 h, whereas a value of 0.65 gave a
substantially lower peak of 45.6°C but required 8.7 h, almost dou-
ble the time. This finding emphasizes the well-established notion
that a denser matrix (i.e., lower w/c) produces more rapid and higher
thermal buildup, because the hydration process is less diluted by
excessive water and the generated heat has fewer pathways for dis-
sipation (Mengistu et al. 2017; Lyutikova et al. 2020).

Under 0.5 kV=cm, the test results show a small increase in peak
temperature compared to the control and a shorter time to reach
that peak in some cases. Notably, at w=c ¼ 0.25, the maximum

temperature reaches 60.3°C in 4.3 h, similarly to the results for the
control of 61.0°C at 4.5 h. This suggests that a level of 0.5 kV=cm
does not drastically alter the temperature profile for mixtures near
the “sweet spot” of hydration (i.e., neither too wet nor too dry).
However, for the other w=c values of 0.20, 0.30, etc., there remains
a consistent pattern of slightly higher final temperatures than for
the control, often accompanied by shorter times to achieve those
peaks. At a w=c of 0.20, for instance, raising the field from zero
to 0.5 kV=cm raises the temperature from 50.8°C to 55.2°C and
shortens the time from 6.2 to 5.2 h. Although these changes are
moderate, they signal that even a relatively low electric field can
measurably accelerate hydration-induced heat release.

A significant change appears at 1.0 kV/cm, where almost every
mixture undergoes a considerable increase in peak temperature,
often 15°C–20°C above the control, and a corresponding reduction
in the peak time by about half. A case in point is w=c ¼ 0.20, where
the temperature rises from 50.8°C (control) to 71.4°C, while the time
is reduced from 6.2 to 2.5 h. Meanwhile, at a w=c of 0.65, the peak
temperature of 52.7°C is reached in only 5.0 h, as opposed to 45.6°C
at 8.7 h for the control. These observations corroborate that a mid-
range electric field (particularly 1.0 kV=cm) profoundly expedites
the hydration exotherm for various values of the water content. The
effect is most dramatic in the low w=c domain, where the matrix is
dense and less heat is lost to the surroundings.

When the intensity is increased to 1.5 kV=cm, the data high-
light the potential risks of a thermal climb that is too rapid. Under
these conditions, samples at a lower w=c are raised to extremely
high temperatures, peaking at 89.2°C for a w=c of 0.20, within just
1.8 h. Even mixtures in the upper water-content region undergo
significant thermal surges: for instance, a w=c of 0.65 gives a value
of 70.8°C in 2.4 h, a temperature and rate of rise rarely seen under
any regular curing regime. Such swift and intense heating could trans-
late to microstructural distress, including microcracks and uneven
pore distribution, particularly in the relatively rigid, low-porosity
pastes. The final columns of Table 1 consistently show higher maxi-
mum temperatures and significantly shortened times to peak for
1.5 kV=cm, underscoring how aggressively the electric field drives
ion transport and thus the exothermic reactions responsible for the
temperature upswing.

Another instructive aspect is the way in which the temperature-
time profile for each mixture shifts relative to the baseline hydra-
tion. For the control samples, the maximum temperatures generally
occur in the range 4.5 to 8.7 h across all w=c values, reflecting the
natural cement hydration kinetics. In contrast, the application of
1.5 kV=cm frequently cuts that peak time by more than half (some-
times to less than 2 h), thereby compressing the thermal curve into a
smaller window. This compression implies a high degree of accel-
eration for the early hydration phases, which is beneficial in terms of
fast strength gain but may be deleterious if stress differentials, vapor

Table 1. Temperature tests during accelerated curing at various electric field intensities and w=c ratios

w/c

Control (air-curing) 0.5 kV=cm 1.0 kV=cm 1.5 kV=cm

Temp. max (°C) Time (h) Temp. max (°C) Time (h) Temp. max (°C) Time (h) Temp. max (°C) Time (h)

0.20 50.8 6.2 55.2 5.2 71.4 2.5 89.2 1.8
0.25 61.0 4.5 60.3 4.3 73.8 2.7 88.6 1.7
0.30 57.6 5.2 58.7 5.2 72.4 3.1 85.9 2.0
0.35 57.2 5.6 56.8 5.9 68.0 3.8 78.4 2.7
0.40 53.7 7.6 56.3 5.4 70.3 4.2 82.2 1.6
0.45 51.2 7.8 55.6 6.2 59.6 4.3 77.8 2.5
0.50 50.2 8.1 53.6 6.3 58.4 4.7 75.4 2.4
0.55 49.7 8.8 52.4 6.0 55.4 5.2 74.8 2.6
0.60 47.7 8.5 50.9 7.2 53.8 5.1 69.0 2.4
0.65 45.6 8.7 44.6 8.1 52.7 5.0 70.8 2.4
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formation, or local hot spots are not managed. After these maximum
temperatures have been reached, further data (discussed in the text,
though not shown in the table) indicate that the temperature levels
are gradually reduced as hydration decelerates, especially once the
specimens are transitioned to ambient air curing.

For practical applications, the patterns revealed here confirm
that the interplay between electric field intensity and water content
is fundamental in terms of controlling the extent and the velocity
of thermal buildup. A moderate approach, such as 0.5 kV=cm
combined with a balanced w=c ratio (e.g., 0.40 to 0.45), tends
to yield temperature peaks at around 55°C within a reasonable time
frame (4–6 h), which can safely accelerate curing without over-
shooting into dangerous thermal zones. Conversely, extreme values
of 1.5 kV=cm and w=c of 0.20 may push the hydration reactions to
extreme rates, potentially causing early-age cracking if cooling or
subsequent curing practices are not carefully regulated. Conse-
quently, the results presented here serve as a quantitative guide
for identifying the operational range over which PEF-based curing
can optimize early strength development while minimizing ther-
mal damage. By highlighting how incremental increases in field
strength amplify the temperature peak and reduce the time to reach
that peak for a given w/c, these results lay a solid empirical foun-
dation for calibrating PEF conditions to achieve efficient, robust
curing regimens.

The rapid temperature rises induced by PEF accelerate evapo-
ration drive earlier and more rapid water loss, especially in mixes
with moderate or low w=c ratios. Although higher w=c systems
absorb heat more effectively, they still show a steeper evaporation
slope (calculated as the rate of sample weight loss over time) than
air-cured controls. At 1.0 kV=cm, peak temperatures of over 70°C
amplify the evaporation rates within 3 h, risking insufficient re-
sidual water for complete hydration. In low w=c mixtures, local-
ized interior temperatures can climb above 75°C, hastening water
outflow. At 1.5 kV=cm, temperatures may exceed 85°C in under
2 h, causing extreme water loss and fostering local dryness, “shell”
formation, and potential microcracks or voids. Ultimately, higher,
earlier temperature peaks are directly correlated with intensified eva-
poration. Careful moderation of the field intensity and w=c ratio pre-
vents excessive dehydration while still giving the benefits of rapid
hydration.

Compressive Strengths of the Pastes Cured by PEF
Compared to Air Curing

Fig. 6 presents the compressive strengths of cement paste specimens
after a 50 min PEF treatment followed by an additional 28 day air-
curing period. The horizontal axis shows the different w=c ratios,
ranging from 0.20 to 0.65, while the vertical axis reflects the com-
pressive strength achieved at 28 days. The data reveal strong inter-
play between water content and electric field intensity, with the
control samples (0 kV=cm) offering a baseline for performance com-
parisons. Notably, for the control samples at a w=c of 0.20, the
compressive strength is around 23.3 MPa, which increases steadily
to approximately 36.0 MPa at a slightly higher w=c range (roughly
0.30–0.50) and then tapers off to 19.3 MPa at w=c of 0.65. This
reduction in strength at a high water content reflects the conventional
understanding that excess water leads to larger pores and lower den-
sity, thereby diminishing the compressive strength. In contrast, spec-
imens exposed to PEF show a more complex pattern: the responses of
the mixtures differ significantly at a field strength of 0.5–1.5kV=cm,
thus underlining the importance of carefully balancing the electric
field intensity against water content (Zhang et al. 2024).

At a w=c of 0.20, the compressive strength under PEF exceeds
that of the corresponding control sample, especially at field inten-
sities of up to 0.5 kV=cm. This improvement suggests that PEF can

accelerate early hydration and refine microstructure in dense, low-
water mixes, leading to higher strength after 28 days of air curing.
However, this trend changes when the w=c ratio is between 0.25
and 0.40, as in this range, many PEF-cured specimens exhibit a
lower compressive strength than the control. The most likely ex-
planation for this is that a moderate water content, combined with
certain PEF conditions, can either generate localized overheating
or disrupt the formation of hydration products, possibly fostering
microcracks or a nonuniform C–S–H network. Once the w=c ratio
reaches 0.45, however, a value of 0.5 kV=cm again appears to be
beneficial, yielding a compressive strength peak of approximately
41.0 MPa. For values of the w=c ratio between 0.45 and 0.60, the
best results emerge at 0.5 kV=cm, indicating a sweet spot where
the electric field is sufficiently strong to accelerate hydration with-
out causing deleterious microstructural disturbances. In contrast,
higher electric field intensities of 1.0 kV=cm and above appear to
reintroduce the risk of microcracks, which can be seen upon visual
inspection or SEM imaging. Figs. 7(a and b) show microstructure im-
ages (2,000×) of the C–S–H network and pore percentages: Fig. 7(a)
shows the control samples at 30.247%, Fig. 7(b) shows the results
for 0.5kV=cm of 28.613%, Fig. 7(c) shows the results for 1.0 kV=cm
of 31.092%, and Fig. 7(d) shows the results for 1.5 kV=cm of
41.134%. In these cases, once microcracks form in the early curing
stages, they can propagate or remain as flaws in the matrix, thereby
undermining late-age strength development.

We also note that excessive electric field intensity can create
larger porosity within the paste matrix, especially at very low w=c
ratios. Fig. 7 shows cracks and gaps in the specimens at 1.0 and
1.5 kV=cm, thereby reinforcing the conclusion that moderate PEF
levels of around 0.5 kV=cm are optimal in many scenarios. The
synergy of mild electric field acceleration (boosting early hydra-
tion) and balanced water content (ensuring adequate workability
and heat dissipation) yields the densest possible arrangement of
C–S–H. By extension, it avoids the “shell effect,” wherein rapidly
formed hydration products enclose unhydrated cement grains, mak-
ing the interior prone to cracking. From these results, 0.5 kV=cm
emerges as the condition that maximizes the compressive strength
while minimizing the thermally driven or stress-induced flaws that
may appear with greater electric field intensities.

To understand the underlying mechanisms responsible for the
variations in compressive strength, we can link these findings to
the electrochemical and thermal processes described earlier. During
PEF curing, short, high-voltage pulses accelerate the movement of
ionic species, particularly Ca2þ and OH−, through the pore fluid of
the cement. Although this phenomenon can greatly expedite initial
hydration and strengthen the structure, the process is sensitive to
local heat buildup and water availability. When w=c is especially
low (e.g., 0.20), the paste has a limited content of free water, so if
the electric field intensity is too high (≥ 1.0 kV=cm), rapid hydra-
tion may produce localized hot spots and internal stresses that can-
cel out any gain in reaction speed. On the other hand, at a modest
field of 0.5 kV=cm, the hydration front is accelerated just enough
to form a robust network of C–S–H before destructive thermal gra-
dients or microcracking can set in.

In the midrange w=c levels of 0.25 to 0.40, one might expect a
more moderate thermal response during PEF, but these samples do
not show continual improvement in terms of compressive strength
compared to the control. This slight underperformance may stem
from a moderate or slightly lower water content combined with an
electric field, which is prone to forming a superficial layer of dense
hydration products that envelop the unhydrated cement. This “shell
effect” can impede later hydration and lead to a less homogeneous
microstructure overall. In addition, water electrolysis, which is
particularly relevant at higher voltages, can produce microbubbles,
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which alter the pore connectivity unpredictably and weaken the re-
sulting matrix. The net result is that, although these samples show an
initial gain in strength, they eventually fall behind the control in their
uniformity and final compressive strength.

Another factor involves the relative influence of subsequent air
curing. When the PEF treatment ceases, all specimens are placed in
ambient conditions (25� 2°C) for the remainder of the 28 days.
Cracks initiated by thermal or electrochemical phenomena during
the first 50 min of PEF can persist unless the hydration process
progresses enough to self-heal or fill them with late-forming hydra-
tion products. If the w=c ratio is suboptimal, or if the field intensity
was high enough to create wide cracks, then air curing might not
suffice to heal them. Consequently, those flaws remain embedded
in the material, which explains why some PEF-cured specimens in
the 0.25–0.40 range fail to match the strengths achieved by the con-
trol. Conversely, specimens at 0.45–0.60 under 0.5 kV=cm appear
to have enough free water and sufficiently mild field conditions to
avoid catastrophic cracking and to benefit from the boosted hydra-
tion rate. At 28 days, they exhibit compressive strengths that meet
and surpass the highest values achieved for the control, with maxi-
mum values of close to 41.0 MPa.

Fig. 6 also shows that it is essential to adjust the electric field
intensity to the water content. Although higher electric fields of
1.0 kV=cm and above can dramatically shorten the induction peri-
ods and increase the rate of hydration, they can also instigate the
formation of microcracking, particularly in dense (low w/c) pastes
where heat and reaction byproducts accumulate quickly. These mi-
crocracks can be visually observed in some specimens, as per the
reference in Figs. 8(a–j) shows the paste specimens cured by air
(control, 0.0 kV=cm) and PEF for 50 min (0.5–1.5 kV=cm) and
continuous curing with air for 28 days at w=c 0.20–0.65, which
depicts apparent fissures and voids. These flaws drastically lower
the compressive strength, even if the total amount of C–S–H pro-
duced is substantial, because local structural discontinuities reduce
the paste’s capacity to transfer loads effectively.

In contrast, the data strongly suggest that 0.5 kV=cm is the most
favorable compromise for many of the w=c ratios tested here, and
especially for values of around 0.45–0.60. This intermediate elec-
tric field strength intensity facilitates the robust formation of hydra-
tion products early in the curing window, accelerating strength gain
without generating severe temperature gradients or extensive elec-
trolysis. When combined with a water content that is sufficient to

Fig. 6. Compressive strengths of the pastes cured in air (control) and via PEF for 50 min with continuous curing with air for 28 days: (a) compressive strength and electric field
intensity, 2D; (b) electric field intensity and compressive strength, 2D; (c) compressive strength, electric field intensity and w=c, 3D; and (d) compressive strength and electric field
intensity, 2D.
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handle local heat spikes and maintain partial fluidity, the result is a
dense, well-hydrated microstructure at the end of 28 days. The con-
trol specimens, which lack any electric field assistance, generally
show steadier but slower hydration, which can lead to a consistent
microstructure without achieving the same early-age performance.
Although the control might occasionally match or surpass certain
PEF-cured mixtures that suffer from microcracks, it cannot exceed
the best-performing PEF condition (i.e., 0.5 kV=cm with a suitably
moderate w=c ratio).

One important aspect is that these observations closely map
to well-known cement science principles regarding hydration ki-
netics and porosity. A small or moderate field can act as a mild
accelerator, driving ionic species where they are needed without
overshooting the thermal or mechanical equilibrium required by
the paste. The synergy between a slight electrochemical stimulation
and an adequate water supply fosters uniform, crack-free hydration
layers. The data show that if this synergy is lost due to excessive
field strength or insufficient (or excessive) water content, the final
product resembles a typically cured control sample, or exhibits
cracks and suboptimal strength. Hence, Fig. 6 clearly demonstrates
that it is only when the fundamental reaction parameters (w=c ratio,
electric field intensity, and curing regimen) are harmoniously aligned
that PEF can truly outperform traditional methods without a reduced
final strength.

Fig. 9 shows the relationships between the compressive strength
results for cement samples formulated with diverse w=c ratios,
from 0.20 to 0.65, under four distinct PEF conditions: (a) no electric
field (control); (b) 0.5 kV=cm; (c) 1.0 kV=cm; and (d) 1.5 kV=cm.
Analysis of these graphs gives several pivotal insights into how PEF
intensity and moisture content influence the late-age mechanical
characteristics.

For the control series [Fig. 9(a)], the compressive strength gen-
erally reaches a peak in the intermediate range of w=c ratios

(≈0.30–0.50) before diminishing as free water becomes excessive
(w=c ≥ 0.60). This traditional pattern reflects the compromise be-
tween the availability of sufficient water to complete hydration
and an excess, which results in increased porosity and reduced
strength. At 0.5 kV=cm PEF [Fig. 9(b)], it is evident that specific
w=c ratios, particularly in the vicinity of 0.45 to 0.60, benefit
markedly from the modest acceleration of hydration. The initial
ion mobility appears optimized within this range, promoting ro-
bust C–S–H networks that translate into elevated 28 day strengths
(up to ∼41 MPa). Conversely, at very low w=c (e.g., 0.20), the
matrix is so dense that even moderate PEF intensities can induce
localized heating and internal stress, occasionally resulting in mi-
crocracking that may counterbalance the gains from accelerated
hydration. However, 0.5 kV=cm gives uniformly superior strengths
compared to the control under many of the conditions examined
here, indicating an advantageous synergy between gentle electric
stimulation and adequate availability of water for the proliferation
of hydration products.

The response becomes more polarized when the electric field
is increased to 1.0 kV=cm [Fig. 9(c)]. While some mixtures with
lower w=c ratios exhibit enhancements over the control, others
show underperformance or erratic outcomes, which are likely to
be due to overheating or the formation of superficial hydration
shells that hinder a deeper reaction (referred to as the “shell effect”)
(Gurski et al. 2023; Zhou et al. 2023; Marković 1984). Strong PEF
conditions can engender microvoids or microcracks in the early cur-
ing phases, reducing the ultimate compressive strength. Comparable
or even more pronounced challenges arise at 1.5 kV=cm [Fig. 9(d)],
as high-intensity pulses can deliver a rapid, near-instantaneous surge
of hydration alongside substantial internal stress. Although these
pulses can increase the early-age strength, the intense local temper-
ature and pore-fluid pressure may foster cracks, shrinkage stress, or
electrolysis bubbles, culminating in compromised, discontinuous

Fig. 7. SEM images showing microstructure and pore percentages (%) for w=c 0.45: (a) control (0.0 kV=cm), 30.247%; (b) 0.5 kV=cm, 28.613%; (c) 1.0 kV=cm, 31.092%; and
(d) 1.5 kV=cm, 41.134%.
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Fig. 8. Paste specimens cured by air (control, 0.0 kV=cm) and PEF for 50 min (0.5–1.5 kV=cm) and continuous curing with air for 28 days: (a) w=c 0.20; (b) w=c 0.25;
(c) w=c 0.30; (d) w=c 0.35; (e) w=c 0.40; (f) w=c 0.45; (g) w=c 0.50; (h) w=c 0.55; (i) w=c 0.60; and (j) w=c 0.65.
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microstructures by day 28. In several instances, 1.5 kV=cm yields
strengths that do not exceed, or even match, those attained at
0.5 kV=cm.

This section focuses on characterizing the primary hydration
products in cement pastes, CH, and C–S–H, via XRD, as shown
in Fig. 10. Cement hydration is driven by the reactions between
water and the major clinker phases (e.g., C3S and C2S), producing
a multiphase microstructure whose crystalline and semicrystalline
components largely govern the mechanical and durability proper-
ties. Of these reaction products, calcium hydroxide (CaðOHÞ2) often
appears as well-defined crystalline peaks in XRD due to its rela-
tively organized crystal lattice. C–S–H is typically identified indi-
rectly, as it predominantly exists in an amorphous or poorly crystalline
state. An evaluation of the intensity and position of CH reflections
can provide insights into the overall degree of cement hydration,
since CH readily precipitates once tricalcium silicate begins to dis-
solve. Concurrently, broad humps in the XRD profile (often in the
25°–35° 2θ range) can denote C–S–H gel, reflecting its inherently
disordered structure (Mesecke et al. 2022).

In practical terms, XRD analysis of hydrated cement pastes often
reveals that moderate concentrations of CaðOHÞ2 emerge at early
ages and grow more pronounced with ongoing hydration, whereas
the “halo” indicative of C–S–H tends to broaden over time. The
formation of CH peaks and enhanced amorphous humps for C–S–H
are intensified if curing processes such as PEF treatment are used to
accelerate the dissolution of clinker phases. Evidence of higher CH

peak intensities in the PEF-cured specimens suggests that the early
hydration processes (particularly of tricalcium silicate) have been
expedited, releasing more Ca2þ and OH− into a solution for rep-
recipitation. Meanwhile, the incipient presence of unreacted clinker
peaks (such as alite or belite) may be comparatively subdued at
certain ages if PEF has significantly shortened the induction period.

Fig. 9. Relationships between compressive strengths of the pastes and w/c: (a) control (0.0 kV=cm); (b) PEF at 0.5 kV=cm; (c) PEF at 1.0 kV=cm; and (d) PEF at 1.5 kV=cm.

Fig. 10. XRD results, calcium hydroxide [CaðOHÞ2] and C–S–H).
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Likewise, any shifting of characteristic CH reflections (for instance,
near values for 2θ of 18°, 34°, and 47°) might reflect microstructural
stress or lattice distortion imparted during the rapid formation of
hydration products. Assessments of these XRD signatures for CH
and C–S–H under varying PEF intensities and w=c ratios can thus
provide a clearer picture of the interplay between accelerated ion
transport and the kinetics of phase evolution as well as demonstrate
how carefully calibrated electric fields can refine (or, if overly ag-
gressive, disrupt) the hydration matrix.

Discussion

Cement hydration is governed by the interactions among key
clinker phases (e.g., C3S, C2S, C3A) and water, culminating in
the precipitation of C–S–H, CH, and other minor constituents that
together form the load-bearing microstructure. Under conventional,
diffusion-controlled curing processes, ions such as Ca2þ and OH−
migrate at rates that are determined mainly by concentration gra-
dients, with the dissolution–precipitation sequence unfolding at a
pace constrained by the temperature, the availability of water, and
the intrinsic reaction kinetics. The Nernst–Planck equation offers a
concise framework for capturing this ionic flux, Ji, where the total
movement of each Species iii (e.g., Ca2þ and OH−) is the sum of a
diffusion component (proportional to ∇ci) and a migration com-
ponent (proportional to E, the electric field). In a standard setting,
diffusion dominates, meaning that concentration gradients drive
the dissolution of cement phases and the formation of hydration
products relatively slowly. When PEF is introduced, however, the
additional electromigration term, ziFμiciE, can vastly surpass nor-
mal diffusion, effectively stimulating faster ion transport for reaction
with partially dissolved cement grains (Huang et al. 2023c; Rolle
et al. 2018). This acceleration shortens the induction period of hy-
dration, during which dissolution initially lags, thereby advancing
the formation of C-S-H, CH, and other hydrates. However, although
the Nernst–Planck equation captures the enhanced ionic flux, it
gives little information about the subsequent exothermic heat re-
lease from cement hydration. Local temperature rises are a direct
byproduct of accelerating this dissolution–precipitation reactions:
these can be beneficial if carefully managed, as they improve the
early-age strength, but may be detrimental if they spawn thermal
cracks or microstructural “shells.” Another central factor is the w=c
ratio, which governs the paste’s porosity and capacity to dissipate
heat. Low w=c mixtures develop higher strengths under normal
conditions but present fewer pathways for heat and mass transfer,
making them more susceptible to thermal or stress-induced defects
under strong electric fields. Conversely, higher w=c mixtures can
absorb more significant thermal spikes at the cost of an inherently
weaker ultimate microstructure. An understanding of the synergy
among Nernst–Planck transport, hydration kinetics, and w=c ratio
is thus essential in terms of reaping the maximum benefits of PEF
curing while minimizing undesirable effects such as microcrack-
ing, excessive porosity, or incomplete hydration of grains (Huang
et al. 2023a, b, c).

On a fundamental level, the hydration kinetics of cement revolve
around the dissolution of tricalcium silicate (C3S) and dicalcium
silicate (C2S) in water, generating ionic species that reassemble into
C–S–H, the primary strength-giving phase. This process is exo-
thermic, and the local release of heat can further expedite chemical
reactions, yielding a positive feedback loop for early-age strength
development. However, without an external field, ion transport is
comparatively slow, regulated by diffusion through water-filled
pores, and augmented only slightly by increases in temperature.
The introduction of PEF significantly modifies these conditions.
During each pulse, cationic species (Ca2þ and OH−) are actively

driven through the pore network, promoting quicker contact with
unhydrated cement surfaces and thus triggering a steeper chemical
gradient. This phenomenon reduces the induction period and can
also concentrate reactants in certain regions. The w=c ratio is an
important moderator of this effect: at low w=c (e.g., 0.20–0.30),
the matrix is dense, so although the electric field can accelerate hy-
dration, the narrow pore structure traps heat and reaction byproducts.
If the field intensity is too high, localized temperature surges ex-
ceeding 80°C or more generate microcracking and hinder long-term
durability (Yousuf and Xiaosheng 2021; Zheng et al. 2021; Huang
et al. 2023c). At moderate to high values of w=c (≈0.45–0.60), the
additional free water confers excellent thermal and ionic buffering
capacity, making the cement paste more forgiving under acceler-
ated curing, although the trade-off is an inherent decline in ultimate
strength due to increased porosity. Striking a balance often gives an
optimal w=c window of around 0.40–0.50, whereby the electric
field can boost early hydration without imposing excessive thermal
stress or leaving behind large, interconnected pores. Under these
conditions, Nernst–Planck-driven migration fosters homogenous
propagation of the hydration front, leading to denser distribution
of the C–S–H gel across the matrix. In effect, the synergy between
moderate w=c ratios and suitably tuned electric field intensities
(often around 0.5 kV=cm) can outperform both purely diffusive
curing (where the reaction is limited by slow ion transport) and
high-field curing in dense pastes.

An essential effect of rapid hydration is the thermal rise at early
ages, which stems directly from exothermic reactions. In instances
where the PEF intensity is 1.0 kV=cm or higher, low w=c pastes
(e.g., 0.20–0.25) frequently undergo abrupt thermal gradients, which
may reach 85°C–90°C within a few hours. These temperatures sig-
nificantly transcend conventional steam-curing levels for standard
structural concretes and can induce microfissures or partial “shell”
formation, a phenomenon wherein the excessively rapid precipita-
tion of hydrates near the external surfaces of cement grains prevents
water and ions from reaching the grain interiors. Conversely, if the
w=c ratio is high (≥0.60), the thermal spike may be diminished, but
the porosity is increased, thereby capping the ultimate strength.

Electrolysis under potent fields in high-w/c mixtures can also
generate gas bubbles that degrade the microstructure. Consequently,
the PEF curing process requires meticulous calibration of the avail-
ability of water, field intensity, and pulse characteristics (duration,
frequency) to regulate exothermic acceleration and potential micro-
structural disruption (Huang et al. 2023b; Aitcin and Neville 2003).
Electroosmotic flow is another relevant effect: pulsed fields can mo-
bilize water molecules within the paste, a process that is beneficial
if it reaches zones that are susceptible to desiccation but detrimental
if it engenders a moisture imbalance, as it leads to localized hot spots.
Upon cessation of the electric pulses, the system typically transi-
tions to a conventional curing environment at approximately 25°C.
Any fissures instigated by the thermal surge may self-repair if the
fissures are minor and free water persists. However, substantial
defects may endure, meaning that the final strength is reduced de-
spite the plentiful net content of hydration products. This interplay
among electric field parameters, w=c ratio, and subsequent ambient
curing dictates the final distribution of pores, fissures, and unhy-
drated clinker grains and can profoundly influence the compressive
strength at 28 days and beyond. Empirical evidence shows that
0.5 kV=cm is often a nearly optimal compromise for numerous mix-
ture designs, as it provides sufficient impetus to truncate the induc-
tion phases without eliciting the extreme thermal or electrochemical
byproducts that impede performance. However, the precise synergy
relies on the intricate details of the cement composition, mixing
methodology, electrode configuration, and pulse scheduling.
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The unification of the Nernst–Planck equation, hydration ki-
netics, and assorted w=c ratios clarifies the framework within which
PEF can substantially accelerate the curing of cement paste. The
Nernst–Planck paradigm illustrates how electromigration can sig-
nificantly expedite ion transport beyond diffusion-restricted veloc-
ities, facilitating rapid dissolution of clinker minerals and swift
precipitation of C–S–H. However, this increase in the reaction rate
means that meticulous regulation is needed via the w=c ratio to
equilibrate heat dispersion and water accessibility. An excessively
low w=c engenders a dense matrix that is vulnerable to micro-
cracking under elevated electric fields, whereas an excessively high
w=c produces an overly porous framework that limits the ultimate
strength. Under ideal conditions, moderate w=c pastes (∼0.40–0.50)
exposed to fields approximately 0.5–1.0 kV=cm can achieve a pro-
ductive equilibrium, with a considerable reduction in the curing
duration and enhanced early-age strength, culminating in a resil-
ient final microstructure with minimized pore size and distribution.
Future work should focus on refining computational models that in-
tegrate Nernst–Planck ion transport with the thermal and mechanical
stresses arising from hydration, to enable practitioners to align field
intensities with specific mix formulations more accurately. Such
instruments may incorporate real-time feedback from embedded
sensors to modulate pulse sequences or intensities in situ to pre-
clude microstructural compromise. Further, the substitution of par-
tial quantities of cement with supplementary materials such as fly
ash or slag would introduce additional chemical interactions that
could modify the hydration rate, further complicating the synergy
with PEF. These burgeoning avenues of research attest to the potential
of PEF in terms of promoting sustainable, high-performance concrete
construction. By transcending the conventional diffusion-limited hy-
dration paradigm, engineers can realize rapid early strength advance-
ments while reducing the total energy expenditure in comparison
to traditional steam curing. When properly used, PEF acceleration
can be integrated with contemporary approaches to construction to
offer speed, efficacy, and durability, although scientifically grounded
calibration of each parameter (electric field amplitude, w=c ratio,
mixing design, and curing schedule) is important in order to extract
maximum benefit from the phenomenon of Nernst–Planck-driven
acceleration (Saxena et al. 2024; Li et al. 2022).

Conclusion

This study has examined the accelerated curing of cement pastes by
PEF, with a focus on the influence of water content on hydration
and microstructural development. Key findings and conclusions in-
clude the following:
• An electric field intensity of 0.5 kV=cm with w=c ratios of

0.40–0.45 significantly accelerated early hydration and improved
the 28 day strength by up to 20%.

• An excessive electric field intensity (>1.0 kV=cm) caused mi-
crocracking in low w=c mixtures due to thermal stress and rapid
reactions.

• The water content influenced the ion transport and heat dissipa-
tion, with low and high w=c ratios posing risks under strong fields.

• PEF curing shortened the curing time and reduced energy use,
although temperature control is essential to avoid damage.

• Optimization of the PEF parameters offers a promising path for
striking a balance between early strength and long-term durabil-
ity, with potential for scale-up and integration with sustainable
materials.

• This study proposes a novel nonthermal approach to accelerat-
ing cement curing using PEF and highlights the significant in-
fluence of water content on electrothermal responses, an aspect
that has not been clearly addressed in prior research.
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