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1. Introduction 
 

Electromagnetic induction is widely applied in 

automotive industry, forging, tube manufacturing, etc. 

Diverse metals can be melted, welded, annealed or 

hardened through its use as explained in Davies (1990). It 

differs from direct resistance heating, due to the absence of 

contact between the equipment used and the part to be 

heated. Besides, it is much more effective since it does not 

heat the surrounding air between the inductor and the part to 

be heated. Therefore, the workpiece is directly heated, 

reducing energy losses. However, electromagnetic 

techniques are not commonly considered in the construction 

sector. 

Construction is a influencing sector on the Gross 

Domestic Product (GDP) when comparing developed 

countries. Each percentage increase in the former leads to 

almost double the increase in the latter (Qabaja and 

Tenekeci 2023). Concrete, and such cementitious materials, 

are the most widely used construction materials worldwide, 

covering up to 47% of the Domestic Material Consumption 
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(DMC) in the EU-28 zone (European Environment Agency 

2020), and the rise or fall of this activity can be measured 

through an analysis of concrete consumption over time. 

However, its high consumption is not balanced with widely 

extended and implemented processes that allow its selective 

demolition or the recycling of its components into quality 

raw materials (Di Maria et al. 2020), with landfill still 

prevailing in up to 35% of the Construction and Demolition 

Waste (CDW) (Kabirifar et al. 2020). The European Waste 

Framework Directive 2008/98/EC (European Commission 

2018) established a target of 70% of CDW recycled by 

2020. So far, few countries have surpassed the target and 

the average recycling rate is about 50% (Zhang et al. 2023, 

Fufa et al. 2023). Until recent times, as in other industries 

or sectors, the scope of the construction process was centred 

on a simplistic concept that ended with the delivery of the 

final product. In this situation, the demolition or reuse of 

latent resources available in the structures or buildings was 

not contemplated (Luu et al. 2021). Besides the inadequate 

initial cradle-to-gate approach and even the intermediate 

cradle-to grave that, even considering issues related to 

rehabilitation like in Moncaster and Symons (2013), did not 

consider the potentiality of the by-products originated by 

demolition, currently the cradle-to cradle approach is the 

most complete (Silvestre et al. 2013, 2014, Lei et al. 2021, 

Lynch 2022). The reuse of construction and demolition 
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Abstract.  Concrete structures may be subjected to repair or local dismantling due to changes in the activity or in case of their 

damage. Current demolition techniques, besides the required time frame for the renewal, involve remarkable affections due to 

noise, vibration and dust. This research presents a method to carry out such procedures selectively and efficiently, avoiding 

noticeable affections on the environment and other users. In addition, it could ease the segregation of the construction materials 

for better recycling. The study analyses the influence of the position and diameter of the reinforcement, the frequency of the 

applied magnetic field, the thermal conductivity and the specific heat capacity of the surrounding cementitious matrix and the 

convection and radiation phenomena on the induction heating process. Depending on the setup, high temperatures (above 700 

°C) can be achieved in less than 90 s. However, the frequency and the reinforcement position are the most influential parameters, 

showing a heating rate up to a 300% faster when increasing the frequency 4 times (from 12 kHz to 48 kHz) and a difference up 

to 250% in the maximum temperature achieved between rebars aligned and misaligned with the magnetic field. A regression 

analysis performed on the data obtained provides a prediction model that properly fits (R2=0.979) the expected heating 

according to the variable parameters. Finally, a real scale column case is simulated and observed that closed stirrups can increase 

the heating above 1000 °C in just 60 s and induce cracking of the matrix. 
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waste (CDW) is fundamental to promote the Circular 

Economy (Hondroyiannis et al. 2024), so necessary to boost 

the level of sustainability of the structures according to the 

new European framework to assess and report on the 

sustainability of buildings (De Wolf et al. 2023). 

Although among the construction materials, the concrete 

presents the best behaviour at high temperatures, eventually 

its constituent components degrade. And so do the rebar 

reinforcement held inside the concrete, which can be 

subjected to corrosion processes and damage the 

surrounding cementitious matrix. While for temperatures 

below 100 ºC, the phenomena of dehydration of the cement 

paste and the expulsion of water vapour are the main 

reactions that occur, from this value and up to 

approximately 500 ºC, crystalline transformations are 

chained in the aggregates and cement paste according to 

RILEM Technical Committee 227 (2019b). As an example, 

the decomposition of calcium carbonate occurs from 400 ºC 

on RILEM Technical Committee 227 (2019a). 

Consequently, the tensile strength of the cementitious 

matrix is proportionally reduced. Above 1200 ºC, the 

concrete components melt, presenting a liquid state. Several 

studies deal with the consequences of high temperatures in 

the concrete, such as, fire hazards (Kim and Kwak 2017, Li 

et al. 2019), spalling (Ozbolt et al. 2008) and the influence 

of recycled aggregates (Liang et al. 2017, 2018) or foamed 

concrete (Canbaz et al. 2019). 

Previous research have analysed the use of 

electromagnetic fields, such as microwaves, to segregate the 

cement paste from the aggregates and obtain recycled raw 

materials of adequate quality (Menard et al. 2013). 

Research focused on curing concrete (Ahn et al. 2021) or 

healing concrete asphalt materials through electromagnetic 

methods, microwave or induction, are more usual (García et 

al. 2013, Norambuena-Contreras et al. 2016). Aligned with 

the findings of this research, it could be proved feasible to 

consider the application of induction heating to activate 

self-healing capsules mixed within the cementitious matrix, 

increasing the life cycle of the structures and providing 

more sustainable structures. Likewise, other studies focus 

their efforts to assess its feasibility as a non-destructive test 

method. Inductive methods have been successfully applied 

to assess the fibre orientation and amount within steel fibre 

reinforced concretes as proved in Torrents et al. (2012), 

Ferrara et al. (2012), Orbe et al. (2014). Induction heating 

and infrared thermography have also been adapted for the 

detection of the corrosion of the reinforcement embedded in 

concrete successfully in the studies of Kobayashi and 

Banthia (2011), Zhang et al. (2017), Sannikov et al. (2018), 

Liu et al. (2018). In that case, as the aim was not to further 

deteriorate the constituent materials of the section, the 

temperatures reached were kept in a reduced range, 

compared to those that are intended to be achieved in the 

present study. Nonetheless, currently the target of various 

studies (Akbarnezhad and Ong 2011, Ong and Akbarnezhad 

2015, Lim et al. 2017, Borinaga-Treviño et al. 2019) resides 

on shedding light on their potential as demolition 

techniques. Although, considering the complete demolition 

by means of the aforementioned techniques may be 

energetically costly, this approach is interesting for the more 

localised separation of materials that allow a more 

affordable rehabilitation of structures and a more effective 

recycling of materials as described in Lim and Kim (2017). 

The approaches may be various and diverse, from the 

detection of pathologies, the demolition of structures or the 

increase in performance of the RCD through the recycling 

of their aggregates. The present study, however, proposes a 

possible way to apply these concepts to structures that, 

presenting injuries, such as the corrosion of reinforcements, 

are not intended to be demolished, but to be repaired. 

Therefore, it is essential to remove the material covering the 

reinforcements, which is generally carried out by chopping 

processes that generate notable conditions in the form of 

noise, vibrations, dust, etc., in addition to the consumption 

of material resources, human and, above all, time. An 

electromagnetic technique could, in a matter of a few 

minutes, allow its removal without causing any of the 

aforementioned conditions. There already are studies that 

analyse the degradation of the bonding between rebar and 

concrete at high temperatures (Yan et al. 2019, Lim and Lee 

2021c). 

Although there are analytical solutions found in the 

literature for determining the temperature increment of a 

workpiece, they are suitable only for simple geometries as 

those shown in Luozzo et al. (2012), Kennedy et al. (2012), 

Jankowski et al. (2016). The following section (Section 2) 

presents the materials, procedures and parameters to be 

analysed. The main parameters involved in the heating 

process are, hence, analysed through real tests and 

computational simulations while their influence in the 

overall performance is assessed. The third section (Section 

3) plots the heating rate of all the tests and simulations 

carried out providing a straightforward view of the most 

influential parameters. Besides, a regression analysis is 

carried out, leading to a satisfactory prediction of the 

temperature increment. Next (Section 4), the study 

approaches the effect on larger elements, such as columns, 

going beyond laboratory-scale specimens. The final Section 

(Section 5) summarises all the findings and provides 

guidance for further research on this topic. 

This research aims to provide a method to provoke and 

predict the degradation of the bonding between rebar and 

concrete at high temperatures, not due to fire hazards, but in 

a local and controlled way. This goal will lead to 

establishing an emerging line of research in the field of 

construction and, especially, with regard to the technology 

of reinforced concrete. 

 

 

2. Materials and methods 
 

As a first stage an experimental campaign has been 

carried out providing real data that will be necessary for the 

validation of the simulation model. The following stage, is 

focused on analysing the main parameters involved which 

can influence the induction heating performance of steel 

reinforced cementitious matrices. 

The simulation involves solving Maxwell’s equations 

(see Eq. (1)). According to Gauss’s laws, a null divergence 

of the magnetic field (B) is assumed, while the divergence 
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of the electric field E depends on the volume charge density 

(ρ) and the permittivity of free space (ε0). In agreement with 

Ampere’s law, the alternate electric current density (J) 

flowing through a sinusoidal coil leads to an alternate 

magnetic field (B) inside it, being μ0 the permeability of 

free space. Placing a ferromagnetic and electrically 

conductive material, as the steel reinforcement, within the 

magnetic field creates an opposing electromotive force (ε) 

due to the induced current or ”Eddy currents” in accordance 

with Faraday’s and Lenz’s laws and depicted in Fig. 1(b). 

∇ ∙ B = 0  

∇ ∙ 𝐸 =
𝜌

𝜀0
  

∇ × 𝐵 = 𝜇0 ∙ 𝐽  

𝜀(𝑉) = −
𝑑𝛷𝐵

𝑑𝑡
  

(1) 

There are two phenomena that increase the temperature 

in the steel rebar, namely, the Eddy currents heating and the 

Hysteretic heating. On the one hand, the former is caused 

by the resistivity losses (I2R) of the induced currents 

flowing along the surface of the rebar, known also as Joule 

effect. On the other hand, the latter is derived from the 

changing of the magnetic polarity of the rebar due to the 

alternating magnetic field. Up to the Curie temperature both 

phenomena are simultaneous, while only Eddy current 

heating remains henceforth (Lim and Lee 2021a). 

The heat transfer to the cementititous matrix depends on 

the thermal conductivity and specific heat capacity of both 

materials in contact, mortar or concrete and steel, that 

condition the heat exchange between them. Finally, 

convection and emissivity parameters influence the cooling 

rate of the mortar surface in contact with the air. 

 

2.1 Experimental stage 
 

Although the proposed method would be appropriate for 

any cementitious matrix, be it mortar or concrete, since this 

approach is based on currently commercially available 

inductor shapes, laboratory scale mortar specimens have 

been cast. The batch of the experimental stage comprises 

the mix of cement type II, limestone crushed sand, water up 

 

Table 1 Mix design 

Cement 

(kg/m3) 

Sans 

(kg/m3) 

Water 

(L/m3) 

Admixture 

(L/m3) 

450 1700 225 6.75 

 

to a 0.5 w/c ratio and 1.5% of weight of cement as 

polycarboxylate ether based superplasticizer, as described in 

Table 1. 
Three specimens, 40×40×160 mm in size, were cast 

with a 150 mm long corrugated steel rebar centred inside. 

Each of the rebars has attached thermocouples to measure 

the temperature increment along the test. Fig. 1 shows the 

power supply and inductor used during the experimental 

stage (Fig. 1(a)) and an illustration of the generated 

magnetic fields and eddy currents (Fig. 1(b)). 

 

2.2 Parametric study 
 

Initially, and replicating the real test performed, mortar 

specimens with rebars embedded have been modelled. This 

first step has allowed to validate the simulation model 

against real tests. 

Since on site reality can differ from controlled 

laboratory environments due to several causes, multiple 

simulations have been analysed varying individual 

parameters. On the one hand and although physical 

properties of steel are stable enough, cementitious matrices 

are heterogeneous and porous materials that depending on 

their porosity and moisture content can present variable 

behaviours. On the other hand, and due to the difficulty to 

modify some of them in real tests, some other parameters 
have been adopted through simulations. Firstly, the mesh 

sensitivity has been studied, generating finer and coarser 

meshed models. These have been compared with the 

experimental results in order to check which would be an 

adequate element amount for matching the results 

reasonably. Since the distance from the inductor and the 

alignment according to the magnetic field alters the 

response of the material, various positions of the specimen 

have been controlled, arranging them vertically centred, off-

centred and even horizontally. The working frequency of 

the used induction equipment is fixed to 24 kHz, but the 

simulations have allowed to determine the behaviour of the 

  
(a) Real case study (b) Magnetic fields and induced current 

Fig. 1 Helix inductor 
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specimen for a wider range of frequencies (f). In addition, 

the influence of inherent parameters of the mortar matrix, 

such as, the thermal conductivity (λ) and specific heat 

capacity (cp), have also been checked. However, it must be 

remarked that the reference model does not consider 

constant values for the latter parameters, assuming the ones 

established in RILEM Technical Committee 227 (2019a). 

Finally, diverse boundary conditions have been tested, from 

natural to forced convection (h) and low and high radiation 

emissivities (ε). All these values are summarised in Table 2. 

Each column presents the adopted values for each 

parameter. The values in the reference case are highlighted 

in bold. 

The fine simulation model considers the real shape of 

the rebar including the surface corrugation and a hollow 

tube as inductor. It comprises 1080 k finite tetrahedral 

elements approximately and takes 46 hours and 27 minutes 

to simulate 240 seconds of real time (32 GB, 2 Intel® 

Xeon® E5-2637 v4® Processors, 3.50 GHz). The medium 

model simplifies the rebar geometry, modelling it as a plain 

cylinder, generating up to 800k elements and reducing the 

computation time to 19 hours and 2 minutes. Finally a, 

third, coarser model is established, neglecting the 

refrigeration conduct within the inductor and, therefore, 

expanding the discretization around its path. The mesh is 

formed by almost 255 k elements, lasting 7 hours and 23 

minutes of computational time. All of the models comprise 

a viscous layer of up to 8 layers within a 0.3 mm thickness 

from the surface. 

The medium models requires almost 59% less 

computation time and the temperatures are quite similar to 

those measured for the fine model. Moreover, both show a 

remarkable similarity with the experimental results. The 

coarse model demand is more reduced (up to 84%) but 

although it reaches the same final temperature, it does not 

track the ascending branch properly. Since the steel acquires 

the same final temperature in all the simulations and no 

other parameter has been modified, the temperature gradient 

through the cementitious matrix is identical. Hereinafter, all 

the simulations are carried out considering the medium 

model as the reference case. The successive simulations 

runs up to 90 s, when the temperature is limited by an upper 

asymptote as a result of its proximity to the Curie point. 

All the simulations consider the same geometry and 

similar meshing, except the ones regarding the diameter 

sensitivity and the frequency sensitivity. It is evident that 

the former requires a different geometry and, therefore, an 

adapted mesh; coarser as the diameter increases. The latter 

 

 
(a) Test simulation 

 
(b) Skin effect in the cross section of the rebar 

Fig. 2 Induction test 

 

 

requires modifying the viscous layer located in the surface 

of the rebar. Since the current induced due to the magnetic 

field flows very shallow, a very fine mesh is necessary 

along its surface (see Fig. 2(b)) (Lim and Lee 2021b). The 

depth of penetration where the skin effect is noticeable 

depends on the frequency (f), the resistivity (ρ) and the 

permeability (μ) of the steel and is determined according to 

Eq. (2). This thickness corresponds to the layer where 

approximately the 63% of the current density is induced. 

The frequencies selected in the present study can be 

considered high, since the goal is focused on damaging the 

interface between concrete and steel in the shortest time 

possible. The higher the frequencies applied, the lower 

would be the penetration depth. Hence, the target of the 

heating process is the steel surface, regardless of the core of 

the rebar. 

𝛿 = √
2∙𝜌

𝜇∙𝜔
  (2) 

The parameters of the steel involved in the induction 

heating process are not constants through the whole 

Table 2 Considered variables 

Diameter 

Φ (mm) 
Position 

Frequency 

f (Hz) 

Thermal Conductivity* 

λ (W/m·K) 

Specific Heat Capacity* 

Cp (J/kg·K) 

Convection 

h 

Emissivity 

ε 

Mesh 

(Element #) 

8 
vertical 

centred 
12000 1 500 1 0.3 ≈255000 

10 
vertical 

lateral 
24000 1.5 750 10 0.8 ≈800000 

12 
horizontal 

centred 
48000 2 1000 100 0.95 ≈1080000 

*The reference case does not consider a constant thermal conductivity nor a constant specific heat capacity; The values are adopted 

according to RILEM Technical Committee 227 (2019a). 
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(a) Cracking on tested specimen 

 
(b) Surface temperature on tested specimen 

Fig. 3 Thermographic image of tested specimen 

 

 

process. Mainly, the relative permeability (μr) is the one that 

can alter the behaviour in a greater extent. Instead of 

considering the variability of magnetic flux density (B) 

according to the magnetic field intensity (H), due to its high 

computational cost, a temperature dependence approach is 

adopted according to previous studies of Nemkov and 

Goldstein (2017). The magnetic permeability considered in 

each time step is corrected through Eq. (3), where μr stands 

for the initial value of the permeability, T for the 

temperature of the current time step, Tc for the Curie 

temperature and β for a parameter that defines the convex 

shape of such correction. 

𝜇(𝑇) = 1 + (𝜇𝑟 − 1) ∙ (1 − (
𝑇

𝑇𝑐
)
𝛽

)  (3) 

The thorough study of all this parameters will allow to 

scale the model to real applications in any construction 

field. To this end, a regression analysis is performed with all 

the recorded data. Since the heating process presents an 

ascending branch and an upper asymptote, a logistic 

function is considered the best option to fit the data. 

Logistic functions are widely used to analyse growth trends 

in multidisciplinary topics such as biology, social sciences, 

chemistry and, even, concrete structures as in Wang et al. 

(2020). 

 

 

3. Results 
 

The process of heating the rebar inside the cementitious 

matrix lead to an evident cracking along the length of the 

steel reinforcement due to a thermal shock. Fig. 3(a) shows 

the crack pattern of one of the tested specimens. The 

 
(a) Temperature increment on the steel 

 
(b) Temperature gradient on the concrete 

Fig. 4 Mesh influence in the temperature 

 

 

noticeable damage of the mortar is caused within the first 

90 s of the test, where an upper asymptote of the 

temperature increment is located. 

In all the cases, the maximum temperature in the rebar 

through time and the final maximum and minimum 

temperature gradients from the centre of the specimen to the 

mortar surface have been assessed. The following 

subsections show the results for each of the modified 

parameters. 

 

3.1 Mesh sensitivity 
 

First of all, a mesh sensitivity study has been performed 

in order to assure that the results are accurate and, in 

addition, the computational cost does not escalate 

exponentially. The obtained values are validated against real 

induction test (see Subsection 2.1) performed on specimens 

that have been replicated through the simulations. The 

maximum temperatures achieved in the rebar through time 

and the final maximum and minimum temperature gradients 

from the centre of the specimen to the mortar surface have 

been assessed and shown in Fig. 4. 

The experimental values show some differences, due to 

the inherent heterogeneity of the cementitious matrices. The 

difficulty of measuring locally such parameters as thermal 

conductivity and specific heat capacity, or even others as 

pore location and moisture in such pores, lead to a slightly 

dissimilar behaviour in each specimen. Besides, the 

specimens tend to crack due to thermal shock when heating 

suddenly the steel reinforcement. The complexity of the 

crack patterns also lead to differences in the mentioned 

parameters and therefore, to different results. However, 

specimen 2Φ8 does not achieve the expected temperature 
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(a) Temperature increment on the steel 

 
(b) Temperature gradient on the concrete 

Fig. 5 Diameter influence in the temperature 

 

 

and must be discarded, since the thermocouples were 

detached from the reinforcement during the compaction 

process on a shocking table. Therefore they do not measure 

the temperature in the proper location, surface of the rebar, 

but some place within the cementitious matrix, between the 

rebar and the mortar surface. Nevertheless, the rest of the 

results lay in a similar range of temperature values, which 

accuracy is enough for the sought purpose. 

 

3.2 Diameter sensitivity 
 

As it can be observed in Fig. 5, the higher the rebar 

diameter, the slower is the temperature increment. The 

target volume of steel affected by eddy currents increases 

and therefore, the heating rate reduces proportionally. 

Although the reference model reaches the upper asymptote 

within 70 s, the higher rebar diameters approach it in just 90 

s, still fast enough. Regarding the heat transfer to the 

cementitious matrix, being the rebar diameter greater, its 

influence is noticeable in a larger proportion. However, 

surface temperatures only report negligible differences. 

 

3.3 Position sensitivity 
 

As depicted in Fig. 1(a), the magnetic flux is higher 

inside the inductor. Any attempt to displace the specimen 

will cause a remarkable drop in the heating rate. The lateral 

position remains within the coupling of the fields generated 

in each side of the coil. Positioning the specimen outside 

the inductor, causes a low effect since only the magnetic 

field created in the upper turns induces any current in the 

lower part of the specimen. Moreover, the orientation of the 

rebar plays a key role since the opposing emf weakens. 

 
(a) Temperature increment on the steel 

 
(b) Temperature gradient on the concrete 

Fig. 6 Position influence in the temperature 

 

 
(a) Temperature increment on the steel 

 
(b) Temperature gradient on the concrete 

Fig. 7 Frequency influence in the temperature 

 

 

Therefore, locating the specimen horizontally proves to be 

less effective (see Fig. 6). 

 

3.4 Frequency sensitivity 
 

Frequency is the main dominant parameter on the 
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(a) Temperature increment on the steel 

 
(b) Temperature gradient on the concrete 

Fig. 8 Thermal conductivity influence in the temperature 

 

 

heating rate of the ascending branch. As shown in Fig. 7, 

both, the highest frequency model and the reference model 

reach maximum temperature after 90 s, while the 12 kHz 

simulation achieves a 16% lower temperature value. 

Eventually all the specimens reach the upper asymptote, but 

depending on the frequency the maximum temperature can 

be achieved in a shorter time. However, the benefit of 

increasing the work frequency is limited, since the 

increment of heating rate is gradually reduced as the 

frequency increases. 

 

3.5 Thermal conductivity sensitivity 
 

Although the reference case considers variable thermal 

conductivity and specific heat capacity values, different 

cases have been analysed in order to assess the influence of 

such parameters in the overall performance of the 

established method. As can be observed in Fig. 8, the lower 

the thermal conductivity of the cementitious matrix, the 

faster the maximum temperature is achieved in the rebar. It 

is evident that the reduction of the heat transfer between 

both bodies benefits the heating process of the steel. 

In the simulated time frame, the steel achieves similar 

temperatures in all the cases. Therefore, starting from a 

comparable value, the temperature in the mortar surface 

depends only in the adopted thermal conductivity value. 

Evidently, the lower the thermal conductivity, the lower the 

heat transfer through the mortar matrix and, hence, the 

lower the temperature at the surface. Although the 

temperature differences in the steel over time are relatively 

less significant than those obtained within the mortar 

surface (6.2% vs. 41%, respectively), in absolute values the 

differences are more noticeable (45 °C vs 29 °C, 

 
(a) Temperature increment on the steel 

 
(b) Temperature gradient on the concrete 

Fig. 9 Specific heat capacity influence in the temperature 

 

 

respectively). 

The variable thermal conductivity of the reference 

model is initialized with a value of λ=2 W/(m·K) and 

gradually reduced up to λ=0.8 W/(m·K) for the maximum 

temperature. The behaviour, as expected, lies within the 

range of the rest of the simulations. 

 

3.6 Specific heat capacity sensitivity 
 

Specific heat capacity shows a similar trend as the one 

mentioned in the previous subsection (see Subsection 3.5). 

The concrete matrix does not require much power to be 

heated in case of the lowest cp value. Therefore, the heating 

rate of the rebar is the highest among the simulations. 

Equally, the temperatures achieved in the mortar surface are 

the highest for this case. 

Although the differences in the temperature increment 

of the steel (see Fig. 9(a)) are less remarkable than the ones 

related to the thermal conductivity, the variations in the 

mortar surface are noteworthy, up to 103% of the reference 

temperature. 

The reference model considers a variable specific heat 

capacity for the cementitious matrix, being roughly cp=1 

kJ/kg·K except near the boiling temperature of the water. 

The evaporation of the moisture contained in the pores of 

the matrix, lead to a short peak of cp=2 kJ/kg·K. As 

expected, the results are rather identical to those obtained 

for the highest specific heat capacity. 

 

3.7 Convection and radiation heat transfer 
sensitivities 
 

Convective heat transfer is assessed for multiple 
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scenarios, natural, medium and forced. However the 

differences among all the cases are negligible. The surface 

area/volume ratio is not large enough to show noticeable 

differences. Although there are differences of up to 14% on 

the surface temperature, it can be argued that induction 

heating remains effective for indoor (factory) and outdoor 

(on site) applications, regarding the convection factor 

adopted. The temperatures within the matrix are still high 

enough to provoke the thermal shock and evaporate the 

moisture within the vacuolar pores to damage the mortar 

through their incremental pressure. 

Similar to what has been stated for the convection 

sensitivity, emissivity neither is an influencing factor. The 

differences due to this factor do not exceed 2%. After 90 s 

of heating, the temperatures achieved in the mortar surface 

do not exceed 100 °C. Such temperatures are not high 

enough to exchange heat as thermal radiation. Therefore, 

there is not need for surface treatments, e.g. polish, in order 

to reduce the emissivity of the mortar. In order to avoid 

superfluous figures, the corresponding plots of these two 

parameters are not included in the manuscript. 

 

3.8 Regression analysis 
 

As aforementioned, the present subsection aims to 

define the parameters of a logistic function that could 

predict the heating process. The proposed equation (see Eq. 

(4)), considers several variables which define its shape. It is 

a simple approximation that fits adequately the given data 

over time, t, specially the abrupt slope change when 

reaching the upper asymptote. It is a continuously 

differentiable equation through all the studied domain. Its 

unique drawback is that it does not provide information of 

the initial stage up to 100 °C. However, being the main goal 

focused in remarkably higher temperatures, it is reasonable 

to discard those values. Among the variables, a stands for 

the maximum temperature to reach, b alters its 

characteristic curve shape modifying the growth rate and c 

establishes the abscissa coordinate of the inflexion point. 

As previously observed, frequency and rebar diameter 

are notably the main parameters influencing the heating 

behaviour. Therefore, this subsection will summarise the 

multivariate linear regression conducted to predict the value 

of the parameters required in the proposed model from the 

applied frequency and the embedded rebar diameters. 

Boundary conditions such as convection and emissivity 

have little effect on the maximum temperature reached on 

the steel rebar. These parameters determine the heat transfer 

between the mortar surface and the surrounding air. 

Accordingly, the significances obtained are low, even for 

 

 

the mortar surface temperature where they might play a key 

role. 

Thermal conductivity and specific heat capacity 

however, alter the response on both cases since they imply 

diverse heat transfer amounts between rebar and matrix. 

However, since the reference model does not consider a 

constant value for these parameters, they are not considered 

within this regression model. The authors assumed that the 

values adopted in the Eurocode 2 (EN 1992-1-2, 2004) do 

cover correctly the common cases. 

𝑇(°𝐶) =
𝑎

(1+𝑒(−𝑏(𝑡−𝑐)))
  (4) 

Although the position and orientation are very 

significant variables, they have been discarded from the 

present regression analysis. It is not actually a value that 

can be introduced as an input to an equation and its 

presence would lead to underestimate the rest of the 

parameters. Further studies could analyse gradual 

misalignments and misorientations to add their effect. 

Initially the more representative simulations have been 

fitted to the proposed function, obtaining the necessary a, b 

and c parameters on each, as summarised in Table 3. 

Subsequently, a multivariate linear regression analysis was 

conducted to establish the correlation between these 

parameters and the frequency considered and the diameter 

of the rebar embedded. As reported in Table 4, the 

covariates are not statistically significant for establishing a 

relationship with a. The relationships between frequency 

and b is positive, while between rebar diameter and b is 

negative. The higher the frequency, the higher the heating 

rate. However, the greater the rebar diameter the slower the 

heating takes place, since there is much more steel to heat. 

The opposite trend can be observed for c. 

Checking standard residuals, no outliers are detected. 

The independence of observations is assessed with a 

Durbin-Watson test. Although the obtained value for c is 

rather high, applying a forward entry method shows that the 

second covariate is the reason. However, instead of 

dropping it, it is maintained in the model since it notably 

improves the model, substantially increasing R2 from 0.796 

to 0.979. 

𝑎 = 720  

𝑏 = 0.07 + 0.002 ∙ 𝑓 − 0.004 ∙ 𝛷  

𝑐 = 27.516 − 0.527 ∙ 𝑓 + 1.907 ∙ 𝛷 

(5) 

Considering Equation 5, other frequency and rebar 

combinations have been predicted. Due to the lack of 

statistical significance for a, an average value of 720 °C has 

Table 3 Fitting parameters 

Case a b c cp (J/kg·K) λ (W/m·K) ε (---) h (---) f (kHz) Position Φ 

Reference 721.31 0.074 29.13 Var. Var. 0.8 10 24 Vert. cent. 8 

Φ10 716.10 0.061 35.48 Var. Var. 0.8 10 24 Vert. cent. 10 

Φ12 707.05 0.060 36.96 Var. Var. 0.8 10 24 Vert. cent. 12 

f12 605.99 0.058 37.23 Var. Var. 0.8 10 12 Vert. cent. 8 

f48 722.12 0.118 17.85 Var. Var. 0.8 10 48 Vert. cent. 8 
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Table 4 Linear regression 

Dependent 

variable 
Covariate R2 

Unstandardized 

coefficient 

Significance 

p-value 

Std. Residual Durbin-Watson 

statistic Min. Max. 

a 

f 
--- 

--- 0.648 

-1.732 0.895 2.310 Φ --- 0.252 

(intercept)  ---  

b 

f 
0.980 

0.002 0.002** 

-1.457 1.457 2.102 Φ -0.004 0.028* 

(intercept)  0.007  

c 

f 
0.979 

-0.527 0.002** 

-1.291 1.291 3.380 Φ 1.097 0.014* 

(intercept)  27.516  

*p-value<0.05; **p-value<0.01 

  
(a) Varying frequency (b) Varying diameter 

Fig. 10 Predicted and simulated heating temperatures 

  
(a) Only vertical rebars (b) Vertical rebars plus stirrups 

  
(c) Temperature increment on the vertical rebar without 

stirrups 
(d) Temperature increment with stirrups 

Fig. 11 Test and simulations on columns 
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been considered. The other parameters adopt the 

coefficients shown in Table 4. Fig. 10 illustrates the 

adequacy of the predictions and the subsequent simulations. 

 

 

4. Discussion 
 

All the summarised findings heretofore lead to the 

feasibility of selectively damaging the cementitious 

matrices, such as concrete, in specific applications. 

Corrosion phenomena on the reinforcement located in 

columns lead to, initially, cracking and, finally, the spalling 

of the concrete corners, providing a higher exposure of the 

steel to an aggressive environment. A preventive repair 

based on the passivation of the steel is essential in order to 

 

 

 

 

avoid an excessive mass loss that would require its 

substitution or the supplement of another rebar. Instead of 

employing pneumatic jackhammers to access the steel that 

produced common affections (mainly, noise and dust) and 

induced vibrations that could harm such a stiff structure, the 

local demolition can be accomplished efficiently 

surrounding the column with an inductor as depicted in Fig. 

13. 

The proposal is validated by testing a reduced scale 

column (see Fig. 12(b)) and comparing the results with an 

identical simulation (see Fig. 11(b)). Since the 

reinforcement does not involve a unique rebar but four, the 

consumed power increases accordingly. The power 

consumption corresponding to the steel quadruples the 

previous value, while the fraction of the inductor remains 

  
(a) Damage observed (b) Termographic image of the real test 

Fig. 12 Test and simulations on columns 

  
(a) Temperatures achieved on rebar and concrete (b) Temperature along diagonal 

Fig. 13 Temperature values on real size column 

   

(a) Stirrup at the centre of the inductor (b) Stirrup at a quarter of the stirrup 
(c) Two stirrups at each edge of the 

inductor 

Fig. 14 Spiral shape inductor 
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constant. 

Since the number of rebars increases substantially in 

these models, and hence so do the mesh elements due to the 

required viscous layers, the simulations where developed 

for 60 seconds, considering it time enough to achieve high 

temperatures. 

The test, the simulation and the prediction equation 

developed in Subsection 3.8 for the scale column, lead to 

very similar values (See Fig. 11(c)), validating the 

procedure and foreseen a local damage and disgregation of 

the cementitious matrix and the steel reinforcement for the 

real case, in agreement with the phenomena described in 

Section 1. According to the scaled test and simulations, the 

vertical reinforcement can be heated up to 600 °C in barely 

60 seconds, but in case stirrups are added to the model, as in 

the real test, this temperature improves slightly up to 650 

°C. The reason for such unexpected behaviour lies in the 

presence of stirrups. Although previously it has been stated 

that horizontally located rebars do not heat notably, in case 

those rebars are a closed loop instead of a rectilinear piece, 

the induced horizontal currents (see Fig. 1) flow through a 

longer circuit and heat considerably faster, specially 

between vertical rebars, far above 1000 °C in the same time 

span, as can be observed in Fig. 11(d) and Fig. 12(b), 

providing a higher temperature to the vertical rebars due to 

conduction phenomena, where in contact with them. Fig. 

12(a) clearly shows the damage caused, specially along the 

stirrups. 

Considering a real size column (e.g., 350 mm-width) 

(see Fig. 13), the behaviour is consistent with the previous 

observations. The stirrups achieve their highest temperature 

in the straight section (above 1000 °C), clearly showing 

much higher temperatures on the rebars along a horizontal 

section including the stirrup, than those sections where 

there is not stirrup, as Fig. 13(b) illustrates. The 

discontinuity of the stirrups is the reason for the slight 

divergence in the maximum values observed. Moreover, in 

such a short time the temperature on the concrete only 

increases close to the reinforcement, protecting the core of 

the column from undesired damage in case of a superficial 

reparation is of interest. 

In order to check whether this performance can be 

obtained with inductors that do not require to surround the 

column, several other simulations where performed with a 

spiral shape. As shown in Fig. 14, the relative position of 

the inductor and the stirrup play a key role but, by far, the 

temperatures are not as high as with the helix shape 

inductor. This kind of inductor do not provide enough 

continuity in the magnetic field created along the sirrup, to 

induce a remarkable current. 

Apart from what has already been observed during the 

real test for the scaled columns, and since there was not 

availability of a greater inductor such as the one considered 

in the simulation (see Fig. 13(a)), a finite element model 

was build and analysed taking into account common steel 

reinforcement (S500) and concrete (C25/30). The cracking 

behaviour of the concrete was assessed according to Eq. 6, 

obtaining an approximate value of 2.5 MPa. Besides, and 

from a more realistic approach, the concrete and rebars 

were subjected to a preload of 7 and 40 MPa, respectively, 

that simulated a serviceability state. 

𝑓𝑐𝑡,𝑚 = 0,3 ⋅ √𝑓𝑐𝑘
23
  (6) 

Fig. 15(a) shows the cracking pattern developed in the 

concrete column subjected to the heating simulation. The 

combination of vertical cracks, both in the plane among 

stirrups (violet) and containing the vertical rebars (yellow), 

and horizontal ones, from the stirrups to the surface (green), 

would allow to remove the concrete cover over the steel 

without incurring in damages on the core of the column. 

The thermal shock and elongation of the steel would cause 

cracks that would delimit blocks with sizes equal to stirrup 

and vertical rebar distances and with the cover distance as 

thickness. 

Although the simulation explains the development of 

three different types of cracks, the real test mainly shows 

the horizontal cracks from the stirrups to the surface (see 

Fig. 12(a)). The lack of the mentioned preload in the 

specimen allows the formation of those cracks in the first 

place since the stirrups achieve higher temperatures. In a 

real case, the load born by the column would restrain the 

development of such crack and, therefore, retain the steam 

generated by the heating of the moisture trapped in the 

concrete, favouring the evolution of the other crack types. 

 

 

5. Conclusions 
 

The present study tests and simulates the heating 

process of cementitious matrices with embedded steel 

reinforcements. Different values are adopted for the 

parameters involved, such as, the position and diameter of 

the rebar, the frequency of the magnetic field, the thermal 

conductivity and the specific heat capacity of the matrix and 

the convection and radiation on the surface of the specimen. 

The results prove the suitability of induction heating to 

cause a thermal shock between the steel reinforcement and 

the concrete almost immediately (<90 s). 

• High temperatures (above 700 °C) are achieved in less 

than 90 s. 

• Temperature is high enough to damage the bonding of 

the reinforcement and degrade the main matrix 

components, decomposing calcium silicate hydrate 

(CSH) and portlandite. 

• The cracking caused by the thermal shock due to the 

sudden heating of the steel, is intensified by the steam 

pressure provoked by the evaporation of the moisture 

contained in the capillary pores of the matrix. 

• Frequency and position are the most influential 

parameters. 

• Setting the frequency is crucial due to its impact in the 

skin depth. Higher frequencies focus the heating process 

in lower thicknesses, consuming all the power in a 

smaller volume and therefore, increasing the intensity of 

the joule heating process. The heating rate increases up 

to 300% when the frequency escalates from 12 kHz to 

48 kHz. 

• As a drawback, induction equipment with higher 

working frequencies are more expensive. Therefore, 
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there is a high interest in simulations that allow to 

design accurately any geometry saving the cost of real 

tests at diverse frequencies. 

• The position and orientation of the reinforcement is of 

paramount importance since its proximity and alignment 

with the magnetic field leads to different performances. 

Orientations aligned and misaligned with the magnetic 

field present maximum temperatures that differ up to 

250%. 

• The increase of the thermal conductivity of the 

cementitious matrix, allows a higher heat transfer 

between steel and mortar reducing the heating ratio of 

the reinforcement during the initial stage. The effect in 

the exterior surface is limited. 

• Specific heat capacity shows a quite opposite 

behaviour affecting more the surface temperature of the 

mortar rather than the temperature in the steel. 

• Convection and emissivity are factors that have a low 

impact in the temperature achieved. The low surface 

area/volume ratio and the surface temperatures are not 

enough to produce noticeable effects. 

• The prediction model properly fits (R2=0.979) the 

heating ratio saving costs of further tests. 

• The horizontal stirrups of a column can play a key 

role, achieving higher temperatures (above 1000 °C) in 

 

 

case they are composed of closed, preferably welded, 

rebars. 

Future research could contemplate steel fibres as 

reinforcement, consequently restraining the matrix cracking 

and allowing a higher vapour pressure within the specimen 

that will lead to, finally, disaggregate the cementititous 

matrix from the steel. Likewise, the mixing of blowing 

agents as an additional aggregate that would activate at high 

temperatures expelling higher amounts of water vapour or 

CO2, could also expedite the rupture. 

Further studies, due to the results obtained for the scaled 

columns, could consider a new approach where the target of 

the induction heating could be the stirrups and similar 

rebars designed as closed loops and located according to the 

induced current flow. This would expedite the expected 

damage and become feasible its implementation on various 

structural, reinforcement or demolition projects for 

applications such as buildings, railway infrastructures, etc. 

A similar parametric study could lead to establish prediction 

models fitted for different applications and geometries. 
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