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electrical installation. The case is characterized by a specific functional constraint: the rein-
forcement system had to satisfy conventional structural and geotechnical requirements while
improving electromagnetic compatibility (EMC) by reducing the risk of interaction with 50 Hz
stray magnetic fields generated by the reactors. Because conventional steel reinforcement may
form electrically continuous or quasi-continuous conductive paths, the adopted solution used
non-metallic, electrically insulating, and non-magnetic GFRP bars. The foundation consists of a
13.0m x 11.0m, 0.60 m thick cast-in-place raft reinforced with 12 mm GFRP bars at 150 mm
spacing in both orthogonal directions, with local strengthening zones near auxiliary supports. The
study presents the design rationale, the main structural and geotechnical verifications, and a
simplified order-of-magnitude electromagnetic assessment based on manufacturer clearance re-
quirements and representative conductive-loop calculations. The GFRP solution is then compared
with two steel reinforcement alternatives: a like-for-like 12 mm steel mesh at 150 mm spacing and
a code-oriented 14mm steel mesh at 250 mm spacing. The comparison is limited to
reinforcement-level indicators, including reinforcement quantity, cradle-to-gate A1-A3 embodied
carbon, and material cost. The adopted GFRP layout reduced reinforcement mass by approxi-
mately 75% compared with the like-for-like steel solution. Under the adopted emission factors,
the reinforcement-related embodied carbon was estimated as 5.77 tCOze for GFRP, compared
with 14.57 tCOze and 13.46 tCO:e for the two steel alternatives. Conversely, the reinforcement-
only material cost was higher for GFRP. The results show that GFRP reinforcement can be a
technically suitable option for foundations placed in electromagnetically constrained environ-
ments, provided that the conclusions are interpreted within the limits of a project-specific design
case study and reinforcement-level environmental and economic assessment.

1. Introduction

Electrical infrastructures associated with nuclear fission power plants include high-voltage switchyards and auxiliary power
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systems where inductive devices are routinely installed to support voltage regulation and reactive-power management. In this context,
the mechanical integrity and long-term reliability of civil structures supporting electrical equipment are part of the broader safety and
robustness envelope addressed by structural and mechanical engineering for nuclear facilities [1-3].

Among inductive devices, air-core shunt reactors, depicted in Fig. 1, represent a common solution for absorbing reactive power
under light-load conditions and stabilizing grid voltage. When operating under alternating current, these devices generate time-
varying magnetic fields that extend beyond the reactor footprint. The resulting stray field may induce eddy currents or circulating
currents in nearby conductive metallic parts, with associated Joule losses, localized heating, and electromagnetic forces. For this
reason, application guidelines and manufacturer documentation prescribe minimum magnetic clearances from metallic objects and
emphasize the need to avoid closed conductive loops near air-core reactors [4-6].

These mechanisms become directly relevant for reinforced-concrete (RC) foundations, where conventional carbon-steel rein-
forcement is electrically conductive and ferromagnetic [7]. In practical construction, rebar networks, lap splices, ties, ancillary
metallic components, and grounding details may form closed or quasi-closed conductive paths, thereby providing potential loops for
electromagnetic induction [8,9]. For high-reliability energy facilities, this introduces an additional functional requirement: rein-
forcement selection and detailing must be compatible not only with structural and geotechnical design criteria, but also with elec-
tromagnetic compatibility (EMC) constraints imposed by the electrical equipment and its installation environment [10-12].

Reinforced-concrete foundations are traditionally designed using steel reinforcement because of its well-established mechanical
behavior, ductility, availability, and compatibility with conventional design standards [13-16]. However, in underground and
foundation structures, steel reinforcement may be exposed to aggressive environmental conditions, including groundwater, chlorides,
wet—dry cycles, and chemically active soils, which can lead to corrosion-related durability problems, increased maintenance re-
quirements, and reduced service life. Over the past two decades, glass-fiber-reinforced polymer (GFRP) bars have emerged as an
alternative reinforcement system, mainly because of their corrosion resistance, low density, high tensile strength, and non-metallic
nature [17-20].

The use of GFRP reinforcement has been widely investigated in beams, slabs, bridge decks, piles, and water-retaining structures,
where experimental and field evidence has demonstrated satisfactory structural performance when the design properly accounts for
the specific mechanical characteristics of FRP reinforcement [21-25]. Compared with steel, GFRP bars have a lower elastic modulus
and a linear-elastic brittle tensile response; therefore, serviceability limit states, crack-width control, deflection control, bond
behavior, and failure-mode management are often more critical than in conventional steel-reinforced concrete. Recent studies on
GFRP-reinforced concrete beams have further highlighted the importance of shear-flexure interaction, stirrup spacing, shear rein-
forcement type, and failure-mode control in members reinforced with GFRP bars and stirrups [26-28]. These findings are relevant
because they confirm that GFRP cannot be treated as a direct one-to-one replacement for steel without considering its different
stiffness, bond, and failure characteristics.

Life-cycle cost studies have also shown that, despite higher initial material costs, GFRP-reinforced concrete elements may become
economically advantageous over long service periods when corrosion-related inspection, repair, and maintenance interventions are
considered [29]. Nevertheless, the application of GFRP bars in foundation elements, such as footings, piles, and foundation slabs,
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Fig. 1. Air-core shunt reactor: (a) elevation view showing the coil and supporting insulators; (b) plan view of the coil assembly.
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remains comparatively limited, and available experimental and field data are still scarce. Several studies have addressed the structural
behavior of GFRP-reinforced foundations, with particular emphasis on punching shear, soil-structure interaction, and serviceability
response. Full-scale investigations on isolated footings have shown that punching failure in GFRP-reinforced foundations is generally
governed by concrete crushing rather than rupture of the FRP reinforcement, with measured bar strains remaining below ultimate
values [30-32]. Improvements in punching resistance and deformation capacity have also been reported using shear reinforcement
systems, including GFRP shear bands, especially in lightweight-concrete applications [33,34]. Considering serviceability, crack control
has been identified as a governing criterion for GFRP-reinforced foundation slabs and slabs-on-ground. Because of the relatively low
elastic modulus of GFRP compared with steel, restrained shrinkage, thermal effects, and service loads may lead to wider cracks or
larger deflections if the reinforcement ratio and detailing are not properly selected [35]. Long-term field monitoring studies have
shown that, although cracks may develop at early age, their widths can remain within code-prescribed limits when the design is
governed by serviceability requirements and adequate reinforcement detailing is adopted [36]. Only a limited number of real-scale
foundation slab applications reinforced entirely with GFRP bars have been documented in the literature. A notable example is the
foundation slab of a 15-storey residential building in Moscow, representing one of the first documented applications of a two-way
GFRP-reinforced foundation slab [37]. That study demonstrated the feasibility of designing, constructing, and monitoring massive
foundation slabs reinforced with GFRP bars, while also confirming that crack control and local punching resistance may govern the
reinforcement demand. Beyond durability and structural serviceability, an additional and still largely unexplored motivation for using
GFRP reinforcement in foundations is electromagnetic compatibility. Steel reinforcement may interact with time-varying magnetic
fields through two main mechanisms: electrical induction, governed by the induced electromotive force and the effective resistance of
closed conductive paths, and magnetic interaction, associated with the ferromagnetic nature of steel and its tendency to perturb the
magnetic field. In engineering terms, the relevant quantities are the magnetic flux density, the magnetic flux through a potential
conductive loop, the induced electromotive force, the effective loop resistance, the resulting current, and the associated Joule losses.
These quantities are directly connected through Faraday’s law and Ohm’s law, and they provide a rational framework for interpreting
why closed metallic loops are restricted in the vicinity of air-core reactors. Interactions between conductive or ferromagnetic com-
ponents and strong magnetic fields have been documented in large-scale electromagnetic facilities, where magnetic fields may induce
additional actions and operational concerns in nearby structural components [38]. GFRP reinforcement changes this interaction
mechanism at the material level. Because GFRP bars are non-metallic, electrically insulating, and non-magnetic, they do not provide
the same low-resistance conductive paths or ferromagnetic flux-concentration effects associated with steel reinforcement [39,40].
Therefore, the use of GFRP reinforcement can greatly reduce the reinforcement-related electromagnetic interaction pathway and can
render induced currents in the reinforcement cage negligible in engineering terms. This does not imply that the entire installation is
electromagnetically inert; rather, it means that the reinforcement cage itself is removed as a potential unintended conductive-loop
network. Despite the practical relevance of this issue, the current literature on GFRP-reinforced foundations is mainly focused on
durability, punching shear, soil-structure interaction, and serviceability performance. To the authors’ knowledge, no documented
design-based case study has explicitly treated electromagnetic compatibility as a governing design requirement for the selection of
reinforcement in a real-scale RC raft foundation supporting inductive electrical equipment. This represents the specific gap addressed
in the present work. The paper presents a design-based real-scale case study in which EMC constraints, structural and geotechnical
requirements, and reinforcement-level environmental and cost indicators are considered within a single engineering framework. The
governing problem can therefore be formulated as follows: a foundation supporting air-core shunt reactors must satisfy conventional
structural and geotechnical requirements, including load-bearing capacity, serviceability performance, crack-width control, bearing
pressure, settlement compatibility, and stiffness requirements, while also avoiding reinforcement layouts that may form electrically
continuous or quasi-continuous conductive loops within the magnetic-clearance region defined by the equipment manufacturer. In this
context, the present work addresses a design-based case study in which electromagnetic compatibility acted as a governing require-
ment for reinforcement selection in a reinforced-concrete raft foundation supporting air-core shunt reactors. The study is framed as a
design-based case study combining structural and geotechnical verification, manufacturer clearance requirements, and simplified
electromagnetic estimates. It combines the available project design information, structural and geotechnical verifications, manufac-
turer clearance requirements, and simplified electromagnetic estimates to interpret the role of reinforcement material in an electro-
magnetically constrained foundation.

The objectives of the study are therefore to: clarify how EMC requirements may influence reinforcement selection in RC founda-
tions supporting inductive electrical equipment; document the design rationale adopted for a GFRP-reinforced raft foundation;
summarize the main structural, serviceability, and geotechnical verifications supporting the adopted layout; provide an order-of-
magnitude interpretation of the possible induction mechanism in conventional steel reinforcement cages; and compare the adopted
GFRP solution with steel reinforcement benchmarks using reinforcement-level mass, cradle-to-gate embodied-carbon, and material-
cost indicators. The environmental and economic comparisons are limited to the reinforcement component and are not intended to
represent a complete life-cycle assessment or full project-cost analysis.

After this introduction, Section 2 describes the case study and design requirements, including foundation geometry, loading
scheme, geotechnical conditions, reinforcement layout, and manufacturer EMC constraints. Section 3 presents the electromagnetic
rationale, introducing the mechanisms by which steel reinforcement may interact with stray magnetic fields and the simplified en-
gineering metrics used for order-of-magnitude assessment. Section 4 compares the adopted GFRP solution with two steel reinforce-
ment alternatives in terms of reinforcement quantity and cradle-to-gate embodied-carbon indicators. Section 5 presents the
reinforcement-level material-cost comparison. Section 6 discusses the implications and limitations of the design-based case study,
and Section 7 summarizes the main conclusions and future research needs.
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2. Case study description and design requirements

This case study concerns a design-based real-scale reinforced-concrete raft foundation reinforced with glass-fiber-reinforced
polymer (GFRP) bars and intended to support three air-core shunt reactors and their auxiliary components. The supported equip-
ment includes the three main reactors, outdoor current transformers, support insulators, metallic pedestals, anchorage devices, and
cable/connection layouts. The foundation was conceived as a cast-in-place RC raft with plan dimensions of 13.00 m x 11.00 m and a
thickness of 0.60 m, as shown in Fig. 2(a) and Fig. 2(b). Its function is to transfer the vertical and horizontal actions from the equipment
to the subsoil while satisfying structural, geotechnical, serviceability, durability, and electromagnetic compatibility requirements. The
adopted concrete strength class is C30/37, with exposure class XC4, corresponding to wet—dry cycles. This selection was made to
satisfy durability requirements under the environmental conditions of the site [41]. A nominal concrete cover of 40 mm was adopted
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Fig. 2. GFRP-reinforced RC raft foundation supporting three air-core shunt reactors: (a) plan view of the foundation slab showing the orthogonal
GFRP reinforcement mesh (top and bottom layers), the slab outline, the equipment footprints, and the section cut lines; (b) longitudinal and
transverse sections (A-A, B-B, C-C, D-D) showing overall dimensions and slab thickness.
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Fig. 2. (continued).

for the GFRP reinforcement, consistently with the durability requirements associated with the exposure class. The reinforcement
system consists of 12 mm GFRP bars arranged at 150 mm spacing in both orthogonal directions on the top and bottom faces of the raft.
Local reinforcement strengthening was also adopted near the support regions of the auxiliary equipment and in zones where load
transfer and reinforcement congestion required a denser layout.

The considered shunt reactors are air-core inductive devices operating under alternating-current conditions.

The electrical system is characterized by a voltage of 33 kV and a frequency of 50 Hz, with rated current equal to 140 A, design
current equal to 154 A, rated inductance equal to 433.299 mH, and total losses of 32.5 kW per phase at 75°C and rated current. The
main geometrical and mass parameters relevant to the structural model are a total reactor height of approximately 3500 mm, an
external coil diameter of approximately 2000 mm, and a mass of approximately 1814 kg per coil, increasing to approximately 2151 kg
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when the insulators and pedestals are included. The installation layout considered a minimum distance between reactor centerlines of
D, = 3500 mm.

The actions transmitted by the equipment to the foundation were defined as reactor-interface design actions. These actions should
therefore be interpreted as interface design effects at the base of the individual pedestals, not as the isolated self-weight of the reactor.
The summary values adopted at pedestal level are compression N g = 17.3 kN, tension N,gg = 12.1 kN, shear Tgz = 4.1 kN, and
bending moment Mgz = 8.6 kN-m. These values were applied at the pedestal-foundation interface as concentrated design effects
representative of the local load-transfer mechanism. The global model also accounted for the self-weight of the raft, the equivalent
mass of the reactors and auxiliary components, wind action, seismic action, and the local effects associated with support and anchorage
regions.

The structural design was carried out using a finite-element model of raft and supported equipment. The analysis was performed
within the Italian and European design framework, including Eurocode 2 for reinforced concrete checks [41], NTC 2018 [42],
Eurocode 1 for wind action [43], Eurocode 7 for geotechnical verification [44], Eurocode 8 for seismic design [45], CNR-DT 203/2006
[46], and the Italian guidelines for the design, qualification, and acceptance of FRP bars for structural use [47]. The load combinations
considered ultimate limit states (ULS) and serviceability limit states (SLS), including permanent actions, variable actions, wind action,
and seismic effects. The raft was modelled to evaluate the distribution of bending moments, shear forces, and local effects around the
equipment support regions.

The reactor—pedestal-raft interface was treated through discrete support regions rather than as a uniformly distributed load. The
concentrated actions transferred by the pedestals were applied at the base of the supports, while the local reinforcement strengthening
zones were introduced to improve load diffusion around the auxiliary support regions. Twelve local strengthening meshes were
considered, six on the top face and six on the bottom face, each with an effective longitudinal extent of approximately 1400 mm. These
local reinforcement zones were introduced to account for load transfer, support detailing, and reinforcement congestion near the
equipment interfaces.

The adopted GFRP TS12 bars have a nominal diameter of 12 mm, characteristic tensile strength f; = 850 MPa, tensile elastic
modulus Ef = 46 GPa, partial safety factor y,, = 1.5, environmental conversion factor 5, = 0.65, and long-term conversion factors
defined for SLS and ULS verifications. The GFRP stress—strain response was assumed linear elastic up to rupture, consistently with the
design assumptions for FRP reinforcement. The effective depth of the reinforced section was evaluated considering the 0.60 m slab
thickness, concrete cover, and bar position. The reinforcement ratio was computed as p; = Ay/(bd) for a unit-width strip of the raft,
with Ay obtained from the adopted 12 mm bars at 150 mm spacing.

The ULS flexural verification was performed by comparing the design bending moment obtained from the finite-element analysis
with the resistant moment of the GFRP-reinforced section. The maximum design bending moment per unit width was Mgq = 44 kN-m/
m in the most unfavorable direction, while the calculated resistant moment of the adopted GFRP section was Mgy = 133 kN-m/m.
Therefore, the flexural verification was satisfied with a significant safety margin. The shear verification was also carried out for the
GFRP-reinforced section without transverse shear reinforcement. The maximum design shear was Vg = 159 kN/m, while the
calculated shear resistance was Vzq = 201 kN/m. The shear check was therefore also satisfied. In addition, punching shear around
support regions was checked according to the adopted design framework, and the calculated punching resistance was found to be
adequate for the support reactions derived from the FEM analysis.

SLS behavior was explicitly considered because the lower elastic modulus of GFRP compared with steel can make crack-width and
deformation control more relevant than in conventional steel-reinforced concrete. The serviceability checks included stress limitation,
deformation control, and crack-width verification. The crack-width assessment was performed under service conditions using the
adopted GFRP reinforcement properties and the service load combinations. The calculated characteristic crack width was approxi-
mately wy = 0.15 mm, which is lower than the adopted reference limit for the exposure and reinforcement condition. Therefore, the
adopted reinforcement density was not governed only by ultimate strength, but also by serviceability and detailing requirements. The
minimum anchorage length of the GFRP bars was also checked and set equal to 800 mm, in accordance with the adopted design
procedure.

The wind action on the reactors was evaluated by modelling the reactor body as a cylindrical element. A horizontal wind action of
3.57 kN was adopted at reactor level, corresponding to a reference wind speed of 120 km/h. This value was checked against the wind-
action provisions of Eurocode 1 [43]. Considering a cylindrical geometry with diameter approximately equal to 2.0 m and height
approximately equal to 3.49 m, the corresponding wind force was found to be consistent with the range obtained from the
Eurocode-based assessment, depending on the adopted pressure coefficient and reference wind speed. The value of 3.57 kN was
therefore retained as a conservative project input for the structural model.

The geotechnical design was based on the available site investigations, including boreholes, dynamic penetration tests, MASW
tests, seismic refraction tests, and electrical resistivity surveys. The subsoil profile is characterized by a shallow layer of vegetal and
agricultural soil, extending approximately to 0.3-0.5 m depth, underlain by moderately dense slightly silty sand with gravel extending
to at least 15 m depth. The groundwater table was identified at approximately 4.50 m below ground level. The representative soil
parameters adopted for the geotechnical assessment include a unit weight in the range of 19-20 kN/m? , a friction angle in the range of
32-35°, and elastic modulus values of approximately 1.77-2.94 kN/cm? for the listed layers.

The geotechnical checks were carried out according to NTC 2018 [42] and Eurocode 7 [44]. The verification framework included
drained bearing capacity, sliding resistance, liquefaction assessment, total settlement, and differential settlement. For bearing ca-
pacity, the foundation—soil system was checked according to the adopted geotechnical design approach. Sliding was verified at the
foundation base, while settlement and differential settlement checks were performed to ensure compatibility with the supported
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equipment and the serviceability requirements of the raft. The raft was therefore not assumed to be adequate only based on its ge-
ometry; its structural and geotechnical adequacy was supported by specific design checks.

The manufacturer also specified a dynamic stiffness requirement, indicating that the equipment should be installed on rigid
foundations or structures whose lowest resonance frequency exceeds 33 Hz. This requirement was treated as a functional equipment-
support constraint associated with the stiffness of the support system, while the structural and geotechnical adequacy of the raft is
documented through the design checks summarized above.

In addition to structural and geotechnical requirements, the foundation had to satisfy electromagnetic compatibility constraints.
Because air-core reactors generate 50 Hz stray magnetic fields, the manufacturer’s installation requirements indicate that nearby
metallic parts may experience induced currents, with possible thermal and electrodynamic effects. The same installation requirements
distinguish between metallic parts that do not form closed conductive loops and metallic parts that form closed conductive loops. Two
corresponding magnetic-clearance distances are provided from the reactor centerline: MC1 for metallic parts not forming closed loops
and MC2 for metallic parts forming closed loops. For the present installation, these values are of the order of MC1 = 0.99-1.46 m and
MC2 = 1.96-2.36 m, depending on the reference direction reported in the installation drawing.

This distinction is relevant for reinforced-concrete foundations because conventional steel reinforcement cages may create elec-
trically continuous or quasi-continuous conductive paths through bar continuity, laps, ties, contact points, grounding details, and
ancillary metallic components. Such paths may behave like closed conductive loops within the magnetic-clearance region. For this
reason, reinforcement selection was treated as an electromagnetic compatibility issue in addition to a structural design issue. The use
of GFRP reinforcement reduces the reinforcement-related conductive-loop pathway because the bars are non-metallic, electrically
insulating, and non-magnetic. Rather, it means that the reinforcement cage itself is removed as a possible unintended conductive-loop
network.

3. Electromagnetic rationale and order-of-magnitude assessment

In the present study, the air-core shunt reactors are installed above the RC raft foundation through discrete support points, con-
sisting of insulating columns and metallic pedestals/anchorage hardware, as typically adopted for outdoor high-voltage equipment, as
shown in Fig. 3(a) and Fig. 3(b). Although the reactor body is not in direct contact with the concrete, its stray 50-Hz magnetic field
extends into the surrounding space and may intercept metallic components located in the foundation region beneath and around the
supports. Therefore, reinforcement embedded in RC foundations may interact with electromagnetic fields generated by nearby power
equipment through two main mechanisms: electromagnetic induction in electrically conductive materials and magnetization-related
field distortion in ferromagnetic materials. The relevance of these mechanisms is governed primarily by two material parameters: the
electrical conductivity ¢ and the relative magnetic permeability u, [48,49].

Electrical conductivity ¢ quantifies the ability of a material to conduct electric current. A high value of simplies that an induced
electric field may drive significant currents if an electrically continuous path is available. Carbon-steel reinforcement is therefore a
conductive material at room temperature [50,51]. In principle, continuous or quasi-continuous steel reinforcement meshes may
provide conductive paths for induced currents, although the effective electrical behavior of an actual reinforcement cage depends
strongly on construction details, contact resistance, lap splices, tie wires, corrosion products, grounding conditions, and possible
discontinuities. Corrosion products may also alter effective electrical continuity, since rust generally exhibits high electrical resistance
[52]. By contrast, GFRP bars are effectively electrically insulated, depending on the resin system and fiber architecture [41,53]. For

(b)

Fig. 3. Air-core shunt reactor during installation on the reinforced-concrete foundation slab: (a) overall view of the reactor supported by pedestal
insulators; (b) close-up of a pedestal base anchorage and support interface on the slab.
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engineering purposes, this contrast can be expressed as ogee; > 0 S/m and ogrrp ~ 0 S/m, meaning that current circulation may occur
in electrically continuous steel paths, whereas it is negligible in GFRP reinforcement.

Relative magnetic permeability . measures the degree to which a material becomes magnetized and modifies the magnetic flux
distribution compared with free space [54,55]. Ferromagnetic steels may exhibit u, > 1, which can promote local magnetic flux
concentration and field distortion. By contrast, GFRP is non-magnetic, with p, ~ 1; therefore, it does not introduce the same ferro-
magnetic field-concentration mechanism as steel [56-58].

These differences imply that steel reinforcement can, under appropriate electrical-continuity and field-exposure conditions, pro-
vide conductive paths for induced currents and Joule losses, and may also perturb the magnetic field through magnetization effects.
Conversely, GFRP reinforcement greatly reduces these reinforcement-related interaction pathways because it is non-metallic, elec-
trically insulating, and non-magnetic. This statement does not imply that the whole foundation system is electromagnetically inert,
since metallic anchors, base plates, pedestals, grounding systems, and other ancillary components still require appropriate detailing. A
time-varying magnetic flux density B(x,t) where x denotes the spatial position and t the time, generates a non-conservative electric
field E according to the Maxwell-Faraday equation [59]:

0B

It becomes in integral form over a closed contour C bounding a surface S:

_ d _ _dos
ﬁEodlff&/SBodsf = @

Where @y is the magnetic flux through S. Egs. (1) and (2) formalize the key point: a changing magnetic field creates an electromotive
force around any available conductive loop. In RC slabs, closed or quasi-closed conductive paths may arise only if sufficient electrical
continuity is provided by the reinforcement layout and by construction details such as bar continuity, lap splices, tie wires, welded
points, grounding details, or ancillary metallic elements. In conductive materials, the induced electric field drives current density field
through Ohm’s law [60]:

J=o0ceE 3)

Whenever electrical conductivity, o, is high and electrically continuous paths are available, the electromotive force (emf) can
generate circulating currents in the reinforcement network. At the scale of a closed or quasi-closed rebar loop, the mechanism can be
interpreted through the circuit-level approximation, where the induced current, I, in the conductive loop is governed by [60,61]:

1 ddg

I=-——=2t
Rloop dt

@

where Ry, is the effective resistance of the conductive path. This effective resistance is not only the resistance of the steel bar itself, but
may include contact resistances, tie-wire effects, lap-splice behavior, corrosion layers, construction tolerances, and possible discon-
tinuities. Therefore, Eq. (4) should be interpreted as a simplified engineering representation rather than as a direct prediction of the
actual current in the constructed foundation. At the local scale, the Joule power density, p; = J-E [62], whereas at the loop scale the
total dissipated power, P, is given by:

P = Ileoop (5)

Egs. (1)-(5) are used here as a simple descriptive model of the induction mechanism. They are intended to show the main physical
dependencies of the problem, namely magnetic-field variation, loop area, electrical resistance, induced current, and Joule losses. They
are not used as full electromagnetic or thermal verification of the foundation. Such an assessment would require project-specific
magnetic-field data and a more detailed electromagnetic-thermal model [63].

A second possible interaction pathway is associated with the ferromagnetic character of steel. Since y, > 1, steel may locally
modify the magnetic-field distribution. In spatially non-uniform magnetic fields, this mechanism may generate magnetic attraction
effects on metallic components. However, in the present study, such effects are not introduced as structural loads in the mechanical
model, because no calibrated electromagnetic-force evaluation is available. They are mentioned only as part of the physical rationale
behind the manufacturer’s recommendation to control metallic components and closed conductive loops near air-core reactors.

GFRP reinforcement reduces both reinforcement-related mechanisms at the material level. First, its electrical conductivity is
negligible, so Eq. (3) indicates that current circulation within the GFRP reinforcement cage is negligible in engineering terms. Second,
GFRP is non-magnetic, so it does not introduce the ferromagnetic flux-concentration mechanism associated with steel. Consequently,
for foundations supporting inductive power equipment such as air-core shunt reactors, selecting GFRP reinforcement removes the
reinforcement cage from the class of potential metallic conductive-loop networks. The remaining metallic components of the instal-
lation, including anchors, pedestals, base plates, and grounding systems, must still be treated through appropriate electromagnetic
detailing.

To support this design rationale, an order-of-magnitude estimate was carried out for an idealized steel reinforcement loop. The
purpose of this calculation is not to predict the actual induced current in the constructed foundation, but to illustrate the dependence of
the induced electrical response on magnetic-field amplitude, loop area, and effective loop resistance [64]. For a time-harmonic
magnetic field component normal to the slab the, B(t) = Bysin (wt), Faraday’s law gives the induced emf around a closed loop of
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area A [65]:
e(t) = — % = — A e eBjcos(wt) ©)
AeweB,
ms — ————F——— 7
g 7 )

where ®p = A B(t) is the magnetic flux through the loop and @ = 2zf with f = 50 Hz (this because the reactor is connected to the
European AC grid). If an electrically continuous steel path exists, the root means square, (rms), loop current can be approximated as
[66]:

Erms
o ®)
i Rloop

with Ry, the effective electrical resistance of the conductive circuit formed by the reinforcement network (including contact re-
sistances). The corresponding Joule losses scale is:
82
P=1I eRyy = Rﬂ 9)
loop

In the considered case study, the manufacturer’s installation requirements distinguish between metallic parts that do not form
closed loops and metallic parts that form closed loops, defining two corresponding magnetic-clearance regions: MC1 and MC2. For the
supplied units, the documented clearances are of the order of MC1 = 1.0-1.5 m and MC2 = 2.0-2.4 m from the coil centerline. These
values are not used as direct evidence that embedded reinforcement would necessarily experience critical induction effects. Rather,
they are treated as project design constraints indicating that closed conductive metallic paths are a configuration to be avoided near the
reactor.

For this reason, a representative idealized loop, shown in Fig. 4, with dimensions comparable to a reactor support bay, was
considered.

The assumed loop size is 2.2 x 2.2 m, corresponding to an effective area Ao = 4.84 m? and a perimeter L = 8.8 m. This geometry is
intentionally simplified and does not represent a measured conductive path in the actual foundation. Similarly, the magnetic field is
assumed uniform, harmonic, and normal to the loop area. The field around an air-core reactor is three-dimensional, spatially non-
uniform, and dependent on the reactor geometry and installation layout. Therefore, local induced voltages may be higher or lower
than those obtained from this simplified estimate. A nominal normal stray-field amplitude B, = 1 mT was adopted as a reference value
for illustrating the scaling of the phenomenon. This value is not treated as a measured site-specific field value. Assuming A = 4.84 m?
and f = 50 Hz, Eq. (7) gives &ms = 1.07 V. Considering a 12 mm diameter carbon-steel bar, a loop perimeter of 8.8 m, and steel
conductivity ¢ = 0.6 x 107 S/m, corresponding to p = 1.67 x 1077 Q-m [48], the bar-only resistance is Ry, = 0.013 Q. If the loop
resistance were limited to the bar resistance alone, the resulting current would be Iy, = 82.6 A and the associated Joule-loss value
would be P = 88.7 W. This represents an idealized lower-resistance case and should not be interpreted as a realistic prediction for an
actual reinforcement cage. To account for the fact that real reinforcement cages include contact resistances, lap splices, tie-wire
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Fig. 4. Schematic representation of a possible closed conductive-loop path in a conventional steel-reinforced foundation below an air-core shunt
reactor: (a) reactor support region and raft foundation; (b) plan-view detail of the reinforcement mesh with a representative conductive loop. The
highlighted contour represents the integration path C in the integral form of Faraday’s law, while the enclosed area defines the magnetic-flux
surface S.
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connections, possible corrosion products, construction tolerances, grounding details, and discontinuities, an illustrative effective
loop-resistance range Rjoop = 0.02-0.10 Q was also considered. This range is not presented as a measured value, but as a parametric
assumption [48-51]. For this range, the estimated current varies from 53.7 A to 10.7 A, while the corresponding Joule-loss value
varies from 57.8 W to 11.6 W. If the actual effective resistance is higher, or if the loop is electrically discontinuous, the resulting
current would be lower. The main input assumptions and nominal results are summarized in Table 1. The sensitivity of the result
follows directly from Eqs. (7)-(9). The induced current scales linearly with By, whereas Joule losses scale with BZ. Moreover, Lns is
inversely proportional to Rja.p, While P is inversely proportional to Rjep for a given induced emf. Therefore, the numerical values in
Table 1 should be interpreted as illustrative values for a simplified screening scenario, not as a site-specific electromagnetic or thermal
verification. Skin effect, field non-uniformity, concrete cover, and thermal dissipation are not explicitly modelled in this simplified
estimate. At 50 Hz, skin effect may influence the effective resistance of ferromagnetic steel depending on magnetic permeability and
bar geometry, although this is not represented in the circuit-level calculation. Similarly, concrete cover and surrounding concrete may
affect heat dissipation and local boundary conditions, but no temperature-rise calculation is performed in this study. These aspects
would require a dedicated coupled electromagnetic-thermal model and are therefore outside the scope of the present design-based
case study. This order-of-magnitude check shows that, if a steel cage provides an electrically continuous multi-meter loop, the
induced electrical response may become non-negligible at the level of a simplified screening calculation. However, the actual response
of a real reinforcement cage may be significantly lower if contact resistances are high or if the conductive path is discontinuous. For
this reason, the calculation is not used here to demonstrate a specific thermal or structural risk. Rather, it supports the engineering
interpretation of the manufacturer’s closed-loop clearance requirement and explains why avoiding metallic reinforcement loops is a
rational compatibility-oriented design choice.

In this context, the adopted GFRP reinforcement, shown in Fig. 5, does not provide a comparable metallic conductive-loop network.
Therefore, the reinforcement cage itself is removed from the set of components that may fall within the MC2 closed-loop category.
Electromagnetic compatibility is thus improved by material selection, while the remaining metallic components of the installation still
require appropriate detailing according to the manufacturer’s requirements.

4. Reinforcement-level embodied-carbon comparison of GFRP and steel alternatives

Reinforcement selection in raft foundations may influence not only structural detailing and electromagnetic compatibility, but also
the embodied carbon associated with material production. In the present study, however, the environmental comparison is inten-
tionally limited to the reinforcement system and to the cradle-to-gate product stage. Therefore, the analysis should not be interpreted
as a complete life-cycle assessment of the foundation.

The adopted system boundary includes only modules A1-A3, namely raw-material supply, transport of raw materials to the
manufacturer, and manufacturing of the reinforcement product. Transport to site (A4), construction and installation processes (A5),
use and maintenance stages (B1-B7), and end-of-life stages (C1-C4) are not included, because project-specific and product-specific
data for these stages were not available with comparable reliability for all alternatives. These excluded stages may affect the rela-
tive balance between GFRP and steel, particularly because the two materials differ in density, handling requirements, corrosion
susceptibility, recyclability, and end-of-life routes. For this reason, the following results are presented as reinforcement-level A1-A3
indicators only.

Concrete-related impacts are also excluded from the comparison. This does not imply that GFRP and steel reinforcement would

Table 1

Nominal induced electrical quantities for a representative closed reinforcement loop under a 50 Hz normal stray magnetic field (Bp = 1 mT).
Quantity Symbol Expression Value Units
Representative bay size Aps 22x22 4.84 m?
Effective loop area Ags 22x22 4.84 m?
Loop perimeter L 22x4 8.8 m
Steel conductivity c - 0.6 x 107 S/m
Steel resistivity P 1/c 1.67 x 1077 Qe m
Bar diameter d - 12 mm
Bar cross-sectional area A, red?/4 1.13x 104 m?
Frequency f - 50 Hz
Angular frequency ® 2e7ef 314.16 rad/s
Stray-field amplitude By — 1 mT
Induced rms emf Erms weByeAy/V2 1.07 v
Bar-only resistance Rpar peL/As 0.013 Q
Upper-bound current Irms €rms / Rbar 82.6 A
Upper-bound Joule losses P 88.7 w
Realistic loop resistance (lower bound) Rioop, - 0.02 Q
Current (lower bound) Lrms b €rms / Rioop.b 53.7 A
Joule losses (lower bound) Py, Ifmslb ® Rioop,ib 57.8 w
Realistic loop resistance (upper bound) Rioop.ub — 0.10 Q
Current (upper bound) Trmsub Erms /Rioop.ub 10.7 A
Joule losses (upper bound) Py, Irzmub ® Rioopub 11.6 w
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Fig. 5. On-site installation of the GFRP reinforcement cage for the 0.60-m-thick RC raft foundation prior to concrete casting, showing the
orthogonal top mesh and detailing over the raft area.

necessarily lead to identical concrete requirements in every optimized design. Rather, the comparison is restricted to the same project
geometry, namely the as-built raft dimensions, concrete class, and nominal cover adopted in the case study. A fully functionally
equivalent environmental comparison would require redesigning each alternative to satisfy the same ultimate limit state, serviceability
limit state, durability, and electromagnetic-compatibility requirements, potentially including changes in slab thickness, crack-width
control, cover, reinforcement detailing, and construction assumptions. This broader optimization is outside the scope of the present
design-based case study.

Within these boundaries, three reinforcement layouts are compared:

1) The as-built GFRP mesh: 12 mm bars at 150 mm spacing in both orthogonal directions, as implemented in the constructed
foundation and depicted in Fig. 6(a). This case represents the adopted design solution, which was verified for the structural and
serviceability requirements of the project and selected to satisfy the manufacturer’s electromagnetic-compatibility constraints.

2) A like-for-like steel mesh: 12 mm bars at 150 mm spacing in both orthogonal directions. This case is introduced as a material-
substitution benchmark at fixed geometry and detailing. It is not intended to represent a fully optimized steel design, but to
isolate the effect of replacing GFRP with steel while maintaining the same nominal bar diameter and spacing. This case is not shown
separately because it follows the same nominal spacing as the GFRP layout, while differing only in reinforcement material.

3) A code-efficient steel alternative: 14 mm bars at 250 mm spacing in both orthogonal directions. This case represents a coarser steel
layout used as a comparative benchmark for reinforcement quantity, embodied carbon, and cost. It should not be interpreted as a
fully validated alternative for all project-specific electromagnetic and serviceability constraints, since the presence of steel rein-
forcement may still require additional electromagnetic detailing to avoid conductive-loop configurations. This configuration is also
represented schematically in Fig. 6(b).

The raft plan area is Ay = 13.0 x 11.0 = 143 m?, as shown in Fig. 2. The reinforcement take-off was estimated as the sum of the
base orthogonal meshes on both faces, the local strengthening meshes required near auxiliary-equipment support zones, and the
spacer/chair elements required to maintain the prescribed cover and separation between reinforcement layers:

Lot = Lase + Liocat + Lchairs (10)
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(€))

0.60 m

(b)

0.60 m

Fig. 6. Schematic view of the raft foundation concept for the air-core shunt reactor and the compared reinforcement layouts: (a) as-built GFRP-
reinforced solution with 12 mm bars at 150 mm spacing on both faces; (b) steel alternative adopting a code-efficient mesh (14 mm bars at 250 mm
spacing on both faces). The reactor supports pedestals and the corresponding load-transfer zones are shown for reference.
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For an orthogonal mesh with spacing s in both directions and reinforcement on both faces, the base bar length is estimated as:
4
Lpase = (;) .Af (11)

where s is the mesh spacing. This expression represents an idealized quantity take-off based on the nominal project geometry. It does
not include all possible cutting waste, construction tolerances, additional laps, hooks, or site-specific detailing losses unless explicitly
stated. Therefore, the resulting values should be interpreted as comparative take-off estimates rather than exact procurement quan-
tities.

For the 12 mm bars at 150 mm spacing, Eq. (11) gives Lpge ~ 3810 m. With unit masses wgprp12 = 0.226 kg/m and Wyeeno =
0.888 kg/m, the corresponding base-mesh masses are approximately 861 kg for GFRP and 3380 kg for steel. For the 14 mm steel bars
at 250 mm spacing, Eq. (11) gives Lygse ~ 2290 m. Adopting W14 = 1.21 kg/m, the corresponding base-mesh mass is approximately
2770 kg.

The reinforcement layout also includes twelve local strengthening meshes, six on the top face and six on the bottom face. Each
patch has an effective extent of approximately a = 1400 mm, with local spacing s, = 100 mm in both directions. For a square patch
a x a, the bar length per patch is estimated as:

Lpaicn = 2 @ Ki)ﬂ] ea 12)

Stoc

Using a = 1400 mm and s;,c = 100mm, the number of bars per direction isn = 15, and the total additional length associated with
the local strengthening meshes is:

Lioca = Npatch L Lpatch (1 3)

Therefore, the total additional reinforcement length associated with the local strengthening meshes is 504 m.

Spacer/chair elements were also included because they are part of the reinforcement support system required to maintain cover
and layer separation. The adopted chair density is 12 chairs per square meter in the long direction and 12 chairs per square meter in the
short direction, with chair-bar lengths equal to Leyjong = 1.574 m and Ly snore = 1.222 m, respectively. The corresponding total chair
length is:

Lchairs = Af L4 (12 L4 Lch,long +12e Lch.shurt) (14)

which gives L jq;rs &~ 4800 m for the present foundation. The same nominal spacer/chair length is retained in the comparative take-off
for consistency among the three alternatives. However, the actual detailing, material, and quantity of spacer systems may differ be-
tween a GFRP and a steel cage; this represents an additional uncertainty of the comparison. The resulting foundation-scale rein-
forcement quantities are summarized in Table 2. Fig. 7 shows the GFRP reinforcement cage during construction. Values are rounded
consistently with the accuracy of the adopted assumptions.

Embodied carbon is estimated to use cradle-to-gate emission factors for the reinforcement component only:

m=welLy (15)
CO; =meEF (16)

where m is the reinforcement mass, w is the unit mass, Ly, is the total reinforcement length, and EF is the cradle-to-gate emission factor
expressed in kgCO2e/kg. Published Environmental Product Declarations and EPD-based datasets show that steel-rebar emission factors
are strongly dependent on production route, recycled content, and energy mix, with values ranging from low-carbon/high-scrap
scenarios to more carbon-intensive industry-average routes [67]. GFRP emission factors are also product-specific and depend on
fibre type, resin system, manufacturing process, and electricity mix; values close to 3 kgCO2ze/kg are reported in EPD-based datasets
[68].

For baseline comparison, representative factors EFg.q = 1.8 kgCOze/kg and EFgrmrp = 2.8 kgCO2e/kg are adopted. Under these
assumptions, Eq. (16) gives approximately 5.77 tCO:e for the as-built GFRP reinforcement, 14.57 tCOze for the like-for-like 12 mm
steel mesh at 150 mm spacing, and 13.46 tCOze for the 14 mm steel mesh at 250 mm spacing. These values are reported in Table 2.

Table 2
Foundation-scale comparison of reinforcement alternatives for the RC mat. Values are reported for representative mid-range emission factors; results
are sensitive to supply-chain/EPD assumptions, particularly for steel.

Case Layout Spacing s [m] Total bar length Ly, [m] Unit mass w [kg/m] Mass m [kg] Emission factor EF [kgCOze/kg] CO,, [tCO2e]
1 $12/ 0.15 9120 0.226 2060 2.8 5.77
150 mm
2 $12/ 0.15 9120 0.888 8090 1.8 14.57
150 mm
3 $14/ 0.25 7590 1.21 7480 1.8 13.46
250 mm

13
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Fig. 7. Construction-stage view of the GFRP-reinforced raft foundation prior to concreting, showing the orthogonal reinforcement meshes and the
GFRP chairs/spacers used to maintain the required cover and separation between top and bottom layers.

The results show that the adopted GFRP layout substantially reduces reinforcement mass compared with the two steel benchmarks.
However, a lower mass does not automatically imply a lower embodied-carbon value, because the environmental indicator depends on
the product m x EF. Therefore, the result is sensitive to both reinforcement quantity and emission-factor assumptions.

A simple sensitivity consideration was also added. Under the adopted GFRP emission factor of 2.8 kgCOze/kg, the GFRP solution
provides lower A1-A3 reinforcement-related embodied carbon than the two steel benchmarks only if the steel emission factor is higher
than approximately 0.71-0.77 kgCOze/kg, depending on the steel layout considered. Therefore, if low-carbon/high-scrap steel with
product-specific EPD values below this range is available, the carbon advantage of GFRP may decrease or even be reversed. Conversely,
for conventional or industry-average steel emission factors around 1.7-1.9 kgCOze/kg, the lower mass of the GFRP reinforcement
offsets its higher emission factor per kilogram.

The environmental comparison should therefore be read as a project-specific reinforcement-level indicator, not as a general
statement that GFRP is always environmentally preferable to steel. Under the adopted quantity take-off and emission-factor as-
sumptions, the GFRP solution gives a lower A1-A3 reinforcement-related embodied-carbon value than the two steel benchmarks.
However, the result remains dependent on product-specific EPDs, steel production route, recycled content, GFRP fiber and resin
system, energy mix, transport distance, installation effort, maintenance scenarios, and end-of-life assumptions. In addition, possible
environmental implications associated with electromagnetic mitigation measures for steel cages are not quantified in this study and are
therefore not included in the comparison.

5. Reinforcement-level material-cost comparison of GFRP and steel alternatives

Reinforcement choice influences project cost through material price, but also through transport, handling, installation time, lifting
requirements, site constraints, maintenance, and end-of-life scenarios. In the present study, however, the economic comparison is
intentionally limited to the material cost of the reinforcement system. Therefore, the following estimates should not be interpreted as a
complete project-cost assessment or as a life-cycle cost analysis. Labor, transport to site, installation equipment, site productivity,
formwork, concrete, excavation, commissioning activities, inspection, maintenance, and end-of-life costs are not included because
project-specific data for these items were not available with comparable reliability for all alternatives.

The comparison is carried out at foundation scale using the same three reinforcement layouts considered in Section 4: the as-built
GFRP mesh with 12 mm bars at 150 mm spacing in both orthogonal directions; a like-for-like steel mesh with 12 mm bars at 150 mm
spacing; and a code-oriented steel benchmark with 14 mm bars at 250 mm spacing. As discussed in Section 4, these alternatives are
used as material and detailing benchmarks. They should not be interpreted as fully equivalent solutions in terms of serviceability,
durability, installation requirements, and electromagnetic compatibility. A complete equivalent-performance cost comparison would
require redesigning each option for the same ULS, SLS, durability, construction, and EMC constraints.

The foundation-scale reinforcement masses m are those reported in Table 2. The reinforcement-only material cost is estimated as:

C=mec a7
where c is the unit material price expressed in €/kg. This €/kg-based approach is used only as a simple and transparent estimate of
reinforcement material cost. It does not represent cost per unit structural capacity, cost per unit serviceability performance, or total

installed cost. This limitation is relevant because GFRP and steel have different densities, mechanical properties, handling re-
quirements, and installation procedures.

14
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Literature and market practice generally indicate that GFRP bars are more expensive than steel on a mass basis, although the
difference can be less pronounced when expressed per installed length because of the lower density of GFRP. For the baseline com-
parison, representative unit prices are adopted as cye; = 1.20 €/kg and cgrrp = 10.00 €/kg [69-71]. These values are used as input
assumptions for the present case study and should not be interpreted as universal market prices. Actual unit costs may vary depending
on supplier, geographic region, procurement volume, bar diameter, resin and fibre system, steel production route, market fluctuations,
and contractual conditions. Using Eq. (17), the reinforcement-only material costs are approximately 20.60 k€ for the as-built GFRP
mesh, 9.71 k€ for the like-for-like 12 mm steel mesh at 150 mm spacing, and 8.97 k€ for the 14 mm steel mesh at 250 mm spacing. The
resulting material-cost comparison is summarized in Table 3.

Under the adopted assumptions, the GFRP solution has a higher reinforcement-material cost than both steel benchmarks. The
additional material cost is approximately 10.9 k€ compared with the like-for-like steel mesh and approximately 11.6 k€ compared with
the 14 mm at 250 mm steel benchmark. This result is mainly due to the higher unit price of GFRP on a mass basis, which is only partly
offset by the lower reinforcement mass.

A simple sensitivity consideration is useful to interpret these values. With the reinforcement quantities adopted in this study, the
GFRP unit price would need to be approximately 4.4-4.7 €/kg for the GFRP reinforcement material cost to become comparable with
the two steel benchmarks, assuming the steel unit price remains 1.20 €/kg. Conversely, if steel prices increase or if GFRP procurement
costs decrease, the difference between the alternatives would become smaller. Therefore, the cost balance should be considered
project-specific and dependent on market conditions and procurement assumptions.

The possible economic advantages associated with lower reinforcement weight, easier handling, reduced corrosion susceptibility,
and lower maintenance demand are not quantified in this study. These aspects may influence installation cost and life-cycle cost, but
their evaluation would require data on installation productivity, labor rates, lifting equipment, transport distance, inspection fre-
quency, repair scenarios, service-life assumptions, discount rate, and end-of-life treatment. For this reason, the present section is
limited to a reinforcement-level material-cost comparison. Under the adopted assumptions, GFRP is more expensive in terms of initial
reinforcement material cost, while any potential installation or life-cycle cost benefits remain outside the quantified scope of the study.

6. Discussions

The present case study shows that reinforcement selection in foundations supporting air-core shunt reactors cannot be treated only
as a conventional structural-material choice. The manufacturer’s requirements distinguish between metallic parts that do not form
closed conductive loops and metallic parts that may form closed conductive loops, assigning more restrictive magnetic-clearance
conditions to the latter. In reinforced-concrete foundations, conventional steel reinforcement cages may potentially create electri-
cally continuous or quasi-continuous paths through bar continuity, laps, tie wires, local contact points, grounding details, or ancillary
metallic components. Within this project-specific context, the use of GFRP reinforcement was adopted as a compatibility-oriented
design strategy because the reinforcement cage itself is non-metallic, electrically insulating, and non-magnetic. This reduces the
reinforcement-related conductive-loop pathway, but it does not imply that the entire installation is electromagnetically inert, since
metallic pedestals, anchors, base plates, grounding systems, and other components still require appropriate detailing.

The electromagnetic interpretation presented in this study should therefore be read with its intended scope. The analysis does not
provide full site-specific electromagnetic validation, nor does it include measured magnetic-field maps, temperature monitoring, strain
measurements, or calibrated Maxwell-based numerical modelling. The order-of-magnitude calculations are used only as a simplified
descriptive model to explain why magnetic-field variation, loop area, and effective loop resistance are relevant parameters when
conductive loops are present. The calculated currents and Joule losses are not introduced as additional thermal or structural actions in
the foundation model. A quantitative prediction of actual induced currents or temperature rise in a steel reinforcement cage would
require project-specific magnetic-field data at foundation level, a detailed description of electrical continuity within the reinforcement
network, contact resistances, grounding conditions, and a coupled electromagnetic-thermal model.

A more balanced interpretation is also required when comparing GFRP with possible steel alternatives. Steel reinforcement is not
intrinsically impossible in electromagnetically constrained environments; in principle, steel cages may be detailed to reduce elec-
tromagnetic interaction through segmentation, interruption of closed loops, insulation strategies, controlled grounding, or other
project-specific mitigation measures. However, these solutions would require dedicated electromagnetic detailing, verification, and
construction control. In the present case, GFRP was selected because it removes the reinforcement cage itself from the class of possible
metallic conductive-loop networks, thereby reducing reliance on uncertain assumptions regarding electrical continuity at bar in-
tersections, laps, and ancillary details.

From a structural viewpoint, the adopted GFRP layout was not treated as a simple one-to-one replacement of steel. The lower elastic
modulus and linear-elastic brittle behavior of GFRP require explicit attention to serviceability and detailing. For this reason, the design
checks reported in the case-study section include flexural resistance, shear resistance, punching verification, anchorage length, and

Table 3
Foundation-scale reinforcement-only material cost comparison (€/kg-based).
Case Layout Mass m [kg] Unit cost ¢ [€/kg] Reinforcement-only C [k€]
1 $12/150 mm 2060.05 10.00 20.60
2 $12/150 mm 8094.36 1.20 9.71
3 $14/250 mm 7476.60 1.20 8.97
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crack-width control. The dense orthogonal mesh on both faces reflects the fact that raft foundations are often governed not only by
ultimate resistance but also by serviceability, crack control, load diffusion, and construction detailing. In the present case, the adopted
reinforcement layout provided adequate safety margins for the reported design actions and satisfied the serviceability crack-width
criterion. Nevertheless, long-term effects such as creep, sustained loading, bond evolution, environmental exposure, and possible
cyclic effects were not experimentally monitored in this study and should be considered in future investigations.

The comparison with steel alternatives should also be interpreted within its stated boundaries. The like-for-like steel mesh is a
material-substitution benchmark at fixed geometry and detailing, while the 14 mm at 250 mm steel layout is a code-oriented
benchmark for reinforcement quantity, embodied carbon, and cost. These alternatives are not presented as fully optimized and
experimentally validated designs satisfying all structural, serviceability, durability, installation, and electromagnetic requirements. A
complete equivalent-performance comparison would require redesigning each alternative under the same ULS, SLS, durability, con-
struction, and EMC constraints, including possible changes in reinforcement layout, slab detailing, loop interruption measures, and
installation procedures.

The environmental comparison is similarly limited. The results refer only to reinforcement-level A1-A3 embodied-carbon in-
dicators and do not represent a complete life-cycle assessment. Under the adopted quantity take-off and emission-factor assumptions,
the GFRP solution provides a lower reinforcement-related A1-A3 embodied-carbon value than the two steel benchmarks. However,
this result is sensitive to the selected Environmental Product Declarations, steel production route, recycled content, GFRP fiber and
resin system, energy mix, and assumed reinforcement quantities. Low-carbon or high-scrap steel documented by product-specific EPDs
could reduce or even reverse the carbon advantage observed for GFRP under the baseline assumptions. Therefore, the environmental
results should be considered project-specific indicators rather than general evidence that GFRP is always environmentally preferable to
steel.

The economic comparison also has a restricted scope. It is limited to reinforcement material cost and does not include labor,
transport to site, installation equipment, site productivity, formwork, excavation, concrete, inspection, maintenance, or end-of-life
costs. Under the adopted assumptions, the GFRP reinforcement has a higher initial material cost than both steel benchmarks.
Possible advantages associated with lower weight, easier handling, corrosion resistance, and reduced maintenance demand are dis-
cussed qualitatively but not quantified. Therefore, no complete life-cycle cost conclusion can be drawn from the present study. A full
economic assessment would require installation productivity data, labor rates, procurement conditions, maintenance scenarios, dis-
count rate, service-life assumptions, and end-of-life treatment.

Overall, the case study illustrates that GFRP reinforcement can be a technically suitable solution for raft foundations supporting
inductive electrical equipment when electromagnetic compatibility is a governing project constraint. The main value of the proposed
solution is not that it proves steel reinforcement to be universally unsuitable, but that it demonstrates a practical material-based
strategy for reducing the reinforcement-related conductive-loop issue while satisfying the structural and serviceability re-
quirements of the project. Within these limits, the study contributes to the documentation of GFRP-reinforced foundations in elec-
tromagnetically constrained installations and highlights the need for future work involving measured 50-Hz magnetic-field maps,
coupled electromagnetic-thermal modelling, long-term structural monitoring, product-specific EPDs, and complete life-cycle and life-
cycle-cost assessments.

7. Conclusions

This paper presented a design-based real-scale case study of a reinforced-concrete raft foundation for air-core shunt reactors, in
which reinforcement selection was governed by both conventional structural requirements and electromagnetic compatibility con-
straints associated with 50-Hz stray magnetic fields. The study documented the design rationale of the adopted GFRP-reinforced
solution, the main structural and geotechnical checks, an order-of-magnitude electromagnetic interpretation of the reinforcement
choice, and reinforcement-level environmental and material-cost comparisons with steel benchmarks.

The case study showed that the adopted GFRP reinforcement layout, consisting of 12 mm bars at 150 mm spacing on both faces of a
13.0 m x 11.0 m, 0.60 m thick raft, satisfied the reported ULS and SLS checks. The maximum design bending moment was Mgq = 44
kN-m/m, while the calculated resistant moment was Mgg = 133 kN-m/m. The maximum design shear was Vg = 159 kN/m, while the
calculated shear resistance was Vg = 201 kN/m. The crack-width verification was also satisfied, with a calculated characteristic crack
width of approximately wy = 0.15 mm, lower than the adopted reference limit. The anchorage requirement was addressed through a
minimum GFRP anchorage length of 800 mm. These results support the structural adequacy of the adopted layout within the design
assumptions and project documentation considered in this study.

From the electromagnetic point of view, the manufacturer’s requirements distinguish between metallic parts that do not form
closed conductive loops (MC1) and metallic parts that may form closed conductive loops (MC2). This assessment does not demonstrate,
through field measurements or full electromagnetic modelling, that a specific embedded steel reinforcement cage would necessarily
develop critical induced currents or thermal effects. Rather, it shows that conventional steel cages may potentially provide conductive-
loop paths if electrical continuity exists through bar continuity, laps, ties, contacts, or ancillary metallic details. In this context, the use
of non-metallic, electrically insulating, and non-magnetic GFRP reinforcement reduces the reinforcement-related conductive-loop
pathway and removes the reinforcement cage itself from the category of possible metallic loop networks. Metallic anchors, pedestals,
base plates, and grounding systems still require appropriate detailing according to the manufacturer’s requirements.

The reinforcement-level comparison showed that the adopted GFRP solution reduced reinforcement mass by approximately 75%
compared with the like-for-like steel mesh. Under the adopted A1-A3 emission factors, the reinforcement-related embodied carbon
was estimated as 5.77 tCOze for GFRP, compared with 14.57 tCOze for the like-for-like steel mesh and 13.46 tCO-e for the 14 mm at
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250 mm steel benchmark. These values should be interpreted only as reinforcement-level cradle-to-gate indicators, not as a complete
life-cycle assessment. The result is sensitive to product-specific Environmental Product Declarations, steel production route, recycled
content, GFRP fiber and resin system, energy mix, reinforcement take-off assumptions, transport, installation, maintenance, and end-
of-life scenarios.

The material-cost comparison showed the opposite trend. Under the adopted unit prices, the GFRP reinforcement had a higher
initial material cost, equal to approximately 20.60 k€, compared with 9.71 k€ for the like-for-like steel mesh and 8.97 k€ for the 14 mm
at 250 mm steel benchmark. This comparison is limited to reinforcement material cost and does not include labor, transport,
installation equipment, construction productivity, inspection, maintenance, or end-of-life costs. Therefore, no complete project-cost or
life-cycle cost conclusion can be drawn from these values.

Overall, within the limits of the design-based case study, GFRP reinforcement proved to be a technically suitable compatibility-
oriented solution for the investigated raft foundation. Its main advantage in this project was not a universal superiority over steel,
but the ability to satisfy the reported structural and serviceability requirements while reducing the reinforcement-related metallic
conductive-loop issue. Steel reinforcement may, in principle, be used with dedicated electromagnetic mitigation measures, such as
segmentation, insulation, loop interruption, or controlled grounding strategies; however, such solutions were not designed or quan-
tified in the present study.

The main limitations of the work are the absence of measured magnetic-field maps, thermal monitoring, strain or crack monitoring,
and full coupled electromagnetic-thermal modelling. In addition, the environmental comparison is limited to A1-A3 reinforcement
indicators, and the economic comparison is limited to reinforcement material cost. Future work should therefore focus on site-specific
50-Hz magnetic-field measurements at foundation level, coupled electromagnetic-thermal modelling of conductive reinforcement
cages, long-term monitoring of GFRP-reinforced foundations, product-specific EPD-based assessments, and complete life-cycle and
life-cycle-cost analyses.

In a broader perspective, the same compatibility-driven design rationale may be investigated for other reinforced-concrete
members placed in electromagnetically demanding environments, such as beams [72,73], columns [74,75], walls [76], and
equipment-support substructures. However, dedicated structural, electromagnetic, environmental, and economic analyses would be
required before extending the conclusions of the present case study to those applications.
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