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Abstract

Nowadays, strengthening and refurbishing of existing structures on urban areas has gained
interest in order to reduce costs by avoiding both the use of construction raw materials and
the disposal of construction and demolition waste on landfill. Usually, existing structures
need to be locally demolished in order to replace either the existing corroded reinforcement
or strengthen the existing structure. Among all the existing demolition methods, microwave
and induction heating have been proven as a good alternative to generate a local damage
with little noise and dust production, which is a desirable feature when structures are in urban
areas. Nevertheless, there is a lack of information about the behaviour of both damaging
methods when steel fibre-reinforced concrete is involved.

In this context, this paper studies the influence of the steel fibre addition on the damaging
capacity of both microwave and induction heating demolition methods. For that purpose,
mortars containing two different steel fibres were added in three different proportions and
exposed to microwave and induction heating technologies. With the aim of evaluating the
damage caused by both heating methods, test specimens were visually checked, and
mechanical properties were determined via flexural and compressive strength tests.

According to the results, cement mortar specimens exposed to either microwave or induction
heating suffered a sudden, violent disintegration without noticing any previous damage on
the mortar specimens. Results proved that a pressure increment on water-saturated pores
caused the failure regardless of the fibre type used as a reinforcement. However, for
microwave heating, the reflection of microwaves on the fibres tended to concentrate the
heating effect on the specimen surface, resulting in higher surface temperatures, but lower
damaging potential of the demolition method. Furthermore, similar failure mechanism was
observed on oven-dried mortars exposed to microwave heating. Nevertheless, oven dried
mortars exposed to induction heating suffered a highly variable, silent and controlled
damage, presenting a highly varying quantity of fracture planes that decreased its flexural
and compressive strengths by up to 38% and 31%, respectively.
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Introduction

With the aim of reducing construction and material costs on the construction industry, reuse
of old structures has gained interest. At the same time, facades, pavements, roofs, and other
non-structural parts of the buildings must be frequently replaced during the refurbishing
process of old buildings. In any case, mortar and concrete materials often need to be replaced
in order to guarantee a minimum quality on the refurbished building. For the removal of
those materials, there are numerous alternatives [1-3], which could be classified according
to the demolition mechanism used: impact, cutting, shear, bursting, abrading, high water
pressure and heating. On the last, flame lance, laser beam, electron beam, arc heating, high-
voltage pulses, microwave heating, induction heating, and microwave-drilling are the main
existing alternatives. Among the existing thermal methods, this paper studies the use of
microwave and induction heating to cause a local damage on mortar specimens.

Regarding the microwave heating technology, Ong and Akbarnezhad [3] and Makul et al.
[4] summarised the different uses of microwave radiation on cement-based materials. As
well as other non-destructive uses, microwaves have also been used to remove contaminated
superficial concrete, to provide a contactless drilling method [5] or even to improve the
recycled aggregate quality by eliminating the superficial cement paste of the recovered
aggregate [6-8].

Moreover, regarding induction heating technology, it is widely being studied as a healing
mechanism on several bituminous materials by Norambuena-Contreras and co-workers [9],
or as a non-destructive method to detect corroded rebars [10-12]. Although Kasai [2] already
indicated that demolition by induction heating of the rebar is a feasible demolition technique,
the topic was not further studied for a long time due to its high cost. Nevertheless, recent
studies indicate that there is an increasing interest on this demolition method [13,14]. Anh
and co-workers [13] introduced a wire mesh as a reinforcement on cementitious finish joints
to ease its dismantling when required, with successful results.

Lim and Lee [14] compared induction heating demolition method to other methods based
on the mechanical dismantling of the reinforced-concrete structure. They concluded that
induction heating is 12% more expensive and significantly slower than the conventional
crushing methods, but they also indicate that the generation of dust and pollutants is
significantly reduced which could counterbalance, at least, the increase in cost. Nonetheless,
there is few literature regarding the study of the behaviour of steel fibre reinforced
cementitious materials subjected to induction heating.

This paper analyses the effect of using microwave or induction heating technologies as a
demolition process on steel fibre reinforced mortars. On the particular, the paper analyses
their influence on the mechanical properties of steel fibre reinforced cement mortars.

Materials and methods
This section describes the materials and experimental programme followed in this study.

Fig. 1 shows the different test methods used on the cement mortar specimens with, and
without, steel fibres.

EDITORIAL UNIVERSITAT POLITECNICA DEVALENCIA  (@TOISIO)

89




17th International Conference on Microwave and
High Frequency Heating

Valencia, Spain, September 9-12, 2019

a) b)
Mortar preparation | First phase: I I Second phase I
;}_j v L2
i Mixing proc-ezs-' """"" 1 Mortars studied: Mortars studied:
1 . 1
: 1. Mortar dry mixing: 1 min : IREF2||M05|| M, IIHEOSIIHEl I
1 2. Mixing at low speed: 2 min : ] Y
: 3. Mixing at high speed: 1 min 1 | Tests performed I I Tests performed I
1 4. Mix rests for 2 min :
I . . ;
5. Mixing at high speed: 1 min
O g - _gln _I: ___________ II Microwave No Microwave No Induction heatins
P S heating heating heating _J{ heatin ¢
:6A Low speed mixing | l
: with fibres: 2 min : Commercial oven Industrial oven Spring coil Planar coil
------ -r------ 700W, 2.5 GHz 6700W, 2.5 GHz| | | 27k, 18 kHz || 15kW, 24 kHz
Up to 10 min Up to 2 min Up to 15 min Up to 15 min
Steel fibre-reinforced y ¥ L ]
Non-reinforced | | ... o cnn » cwnn o | ettt b o H
“REF,” and “REF,” | | Mo M <M., b Flexaral | i Disintegrated } &
mortars “HE, s” and “HE,” strength
mortars
|_‘_| Flexural
=== - | strength
1 Specimens: 40x40x160 mm? 1
: 48h on moulds, curing for 28 days ! | END I | END I

Fig. 1. Experimental programme followed in this study: a) Mixing process of the mortars
and b) Tests performed on each research phase.

Materials, mix proportions and specimen preparation

On the first phase, Mapei Planitop HPC floor® mortar was used with and without the
DRAMIX® OL 13/.20 brass covered steel fibres (M) proposed by the manufacturer as a
reinforcement with the aim of evaluating the influence of the fibre presence on the damage
caused by microwave heating. M fibres were 13 mm long and 0.21 mm in diameter, with a
tensile strength and an elastic modulus of 2750 MPa and 200000 MPa, respectively. The dry
mortar:water:fibre proportions by weight set were the following:

(1) 1:0.12:0 for the reference (REF7) non-reinforced mortar.
(2) 1:0.12:0.065 for the M1.5s mortar, reinforced with 1.5% of M fibres by mortar volume as
proposed by the manufacturer.

On the second phase, an ordinary mortar was used, as the high strength of the previous
mortar could partially hinder the damaging effect expected due to both heating methods.
CEM II-B (L)/32.5R cement (¢) and 0/2 mm grain size limestone sand (s) were used as
mortar main constituents. CRISOL 550 superplasticizer (sp) was added to all the mortars to
reduce the water (w) required to achieve self-compacting consistency. Finally, two types of
fibres were also used to reinforce the mortar. Firstly, M fibres were again used in this second
phase, since they are more appropriate to reinforce mortars due to the more reduced length
and diameter. Alternatively, HE hooked structural steel fibres (HE) were used, as they are
used to reinforce structural concretes. HE fibres were 50 mm long and 1 mm in diameter.
Five different mortars were created by varying both the fibre type and the fibre proportion
used. Thus, the c:s:sp.w.fibre weight proportions set were the following:

» 1:3:0.01:0.5:0 for the reference (REF2) mortar.

> 1:3:0.01:0.5:0.1 and 1:3:0.01:0.5:0.2 for the Mo.s and M1 mortars, reinforced with 0.5%
and 1% of M fibres by mortar volume, respectively.

> 1:3:0.01:0.5:0.1 and 1:3:0.01:0.5:0.2 for the HEs.s and HE: mortars, reinforced with
0.5% and 1% of HE fibre by mortar volume, respectively.
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All the tests were carried out in 40x40x160 mm?® prismatic test specimens prepared in
compliance with EN 1015-10 [16]. The mortar mixing was similar for all the mortars studied.
During the first 24 hours, test specimens were cured on moulds under ambient laboratory
conditions. After removing the moulds, test specimens were submerged in water at 20°C for
27 days in order to reach 28 days curing age.

Heating of specimens via microwave radiation

It is known that microwave heating penetration depth on cementitious materials mainly
depends on the material dielectric properties and on the heating frequency used [3]. The
higher the frequency, the more superficial and local is the heating effect. At the same time,
the higher the water content, the higher both the dielectric constant and the loss factor. In
this way, for lower frequencies, microwaves cause the disaggregation of the cementitious
material by increasing the pore water pressure until its internal collapse, while for higher
frequencies, the fracture is more superficial and caused by the high thermal gradients
generated. With that in mind, specimens exposed to microwave heating were oven-dried for
72h at 105°C. Afterwards, microwave ovens, with a power of 700W and 6700W, and a
frequency of 2.5GHz, were used to ensure a uniform heating of the specimens [6,17]. Six
test specimens were heated via microwave for 10 min and compared to another six non-
heated samples. During the heating time, test specimens were surrounded by rockwool
insulation and silicone moulds to protect the microwave heater from possible explosions.

Heating of specimens via electromagnetic induction

As opposed to microwave heating, non-reinforced cementitious materials are usually
immune to induction heating as their ferromagnetic material content is negligible. With that
in mind, ferromagnetic additives such as steel bars and steel fibres are frequently added into
the cement matrix. These materials could be heated via electromagnetic induction. Thus,
mortar could be indirectly heated mainly in the areas where the ferromagnetic material is,
providing a way of triggering a local, selective mortar cracking. As for the microwave
heating, there are two main thermal mechanisms that could fracture the mortar. Firstly,
mortar could be damaged by increasing the pore water pressure until its internal collapse.
Also, mortar could also be broken due to internal stress caused by excessive thermal
gradients. Oven-dried and water saturated Mo.s, M1, HE.s and HE; mortars were exposed
to two different induction heating processes as it is summed up in Fig. 2:
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Fig. 2. Disposition of the specimens on each induction heating equipment: a) spring
inductor, and b) spiral planar inductor.

Flexural and compressive strength tests

Flexural and compressive strength tests were carried out according to the standard EN 1015-
11 to determine the damage caused by the thermal process applied on each test specimen.
Flexural test was displacement-controlled, with a displacement speed ratio set to 0.5
mm/min. Compressive test was load controlled, with a load increment force ratio of 0.5 kN/s.
Finally, for each mortar type and thermal process combination studied, the resulting flexural
strength was calculated as the mean value of all the specimens available on each case.

Results and discussion

Microwave heating effect on the mechanical properties of the hardened mortar

Fig.3a shows the flexural strength of the REF: and M1s5 mortars with, and without the
microwave heating process carried out at 700W and 2.5 GHz. For the REF mortar, flexural
strength of the non-heated mortar samples was 14.9 MPa, while the value after 10 min of
heating could not be measured as the specimens violently collapsed after 300-400s (Fig. 3b).
To determine if the flexural strength suffers a gradual decrease until its failure, 6 more REF;
specimens were also microwave heated during 4min. In this case, flexural strength was
reduced to nearly 50% of the value observed for the non-heated samples.
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Fig. 3. Influence of microwave heating on the hardened mortar: a) evolution of the flexural
strength with the microwave heating time; b) REF: mortar situation after its disaggregation
(300-400s).

Additionally, surface temperature of the specimens was also measured by using a “Fluke
561" infrared thermometer. As the REF: mortars collapsed before reaching the 10 min
initially set, collapsed non-reinforced mortar sample temperatures were determined
immediately after cancelling the heating process. According to the results, it seems that in
REF] the temperature reached on the newly exposed surfaces was higher than the 250.9°C
measured, as there was a time lapse of 15-30s between the occurrence of the collapse and
the moment when the photographs were taken. Besides, the microwave walls were wet when
the collapse of the REF1 mortars occurred, but dry when the M1.s mortars were heated, which
indicated that the main cause of the collapse for the REF; mortars was the rise of the pore
water (vapor) pressure as there was a sudden release of water in the disaggregation process.
Regarding M5 mortar, the temperature observed on the surface of the specimens was
348.7°C, thus significantly higher than that observed on the REF; mortar. Despite the higher
surface temperature, specimens were not significantly damaged, as the flexural strength was
only reduced by 13% due to all the heating process. As the steel reflects the microwave
radiation [3], most of the heating effect was focused on the specimen surface for the M s
mortar. Therefore, a high temperature gradient was generated on the surface, but not enough
to cause the collapse with the power of 700W applied. However, some specimens were also
tested in a more powerful microwave (6700W, nearly 10 times the power previously used).
In this case, both mortar types broke after a heating time of 90-120s. For the REF mortar,
the appearance of the specimen after the collapse was similar to that observed previously.
However, M1.s mortars tended to suffer little collapses sequentially. With the first explosion,
there was a superficial removal of the material surrounding the 40mm edges of the
specimens. After a few seconds, a second explosion occurred, removing more material on
the newly created surface. In short, collapses were more controlled and gradual than that
observed for the non-reinforced mortars.

Induction heating effect on the mechanical properties of the hardened mortar

Fig. 4 shows the flexural and compressive strength of the oven-dried mortars as a function
of the heating treatment used. According to the results obtained, both flexural and
compressive strengths were clearly reduced due to the induction heating when spring
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inductor was used. For the mortars reinforced with HE fibres, flexural strength and
compressive strength were reduced by up to 38% and 31%, respectively. In addition, the
strength reduction could be considered similar for both fibre proportions studied. In the same
way, mortars reinforced with M fibres suffered a decrease on the flexural and compressive
strengths of up to 35% and 15%, respectively. However, after a visual inspection of both
mortar types, it is clear that the damage is only visually appreciable on the HE mortars (see
Fig. 5a), as the M mortars did not present any surface crack that could indicate this
weakening effect caused by induction heating. Due to their greater fibre content for the same
volume due to their smaller length, fibres were more effective for crack arrest. Accordingly,
HE mortars subjected to flexural strength test with visual cracks tended to break following
the previously generated crack paths (see Fig. 5b).
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Fig. 4. Influence of the fibre type, proportion and induction heating process on mechanical
properties of the hardened mortar: a) flexural strength; b) compressive strength.

Moreover, regarding the results obtained on oven-dried specimens heated by a spiral planar
inductor, results are not conclusive. Spiral planar inductor is not as effective as the spring
inductor, since it only affects one face of the specimens, instead of enclosing it. For both HE
and M mortars, reductions of flexural strength and compressive strength are negligible. Even
in some cases, an increase on the mechanical properties of the tested specimens was
observed, which is attributed to the known statistical variations of the cementitious matrix
and to the randomness of the fibre distribution and orientation.
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Fig. 5. Appearance of the oven-dried HEo.s mortar: a) after spring induction heating; b)
after flexural strength test.

Finally, one water saturated mortar specimen per mix was heated with the spiral planar
inductor. In this case, HE; and M mortars broke after heating them for 2 min and 9 min,
respectively. Consonant with the microwave heated specimens, the excessive pore water
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pressure generated caused the sudden release of the vapour generated during the heating
process. Thus, both specimens suffered a sudden, very violent collapse due to the high pore-
water pressure. Fig. 6 shows the appearance of the HE: specimen. M7 specimen is not shown
as it was completely disintegrated during the process. Nevertheless, M test specimen also
took a significantly higher heating time that HE; mortar, which is attributed to the higher
specific surface of the fibres related to their smaller diameter, which makes the coupling of
the fibres with the inductor less efficient. For the M fibres, the heating efficiency would
increase by increasing the frequency of the induction equipment. Anyway, water saturated
Moy.s and HE.5 test specimenmortars did not explode, which indicated the importance of the
fibre content on the whole process.

ST
GI

Fig. 6. Appearance of the water saturated HE1 mortar after 2min under induction heating.

Conclusions

This paper analysed the effect of using microwave or induction heating as a potential
demolition thermal process on steel fibre-reinforced mortars. The influence of both heating
technologies on the mechanical properties of steel fibre reinforced mortars was studied. For
that, non-reinforced mortars were compared to mortars with the same constituents and
proportions, but with the addition of two different types of fibres (Hooked structural steel
fibres and brass covered steel needles) in different proportions (0.5% and 1% and 1.5% by
mortar/vol.). Based on the results obtained, the authors reached the following conclusions:

With respect to the microwave heating demolition method:

» For a heating power and a frequency of 700 W and 2.5 GHz, non-reinforced mortars
collapsed after 300-400s heating time, because of the high pore-water pressure
generated during the heating process, causing a sudden, explosive collapse, even when
the specimens were previously oven-dried.

»  For the same heating power and frequency combination, mortars reinforced with brass
covered steel fibres did not collapse and suffered a negligible reduction (13%) of their
flexural strength. Fibres tended to concentrate the heating effect on the specimen surface
due to their microwave shielding effect, which resulted in surface temperatures 50%
higher than those observed on the non-reinforced mortars.

» Both mortars collapsed after increasing the heating power to 6700W. The failure
mechanism on non-reinforced mortar was similar to that previously observed. For the
mortar reinforced with brass-covered steel fibres, failure mechanism was the same but
occurred via consecutive superficial removals nearby the shorter edges of the specimens.
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With respect to the induction heating demolition method:

»  On oven-dried specimens, both flexural and compressive strengths were only clearly
reduced due to the induction heating when spring inductor was used. The damage was
only visually appreciable on the mortars reinforced with hooked structural steel fibres.

» On water-saturated specimens, the fibre proportion used had a significant influence on
the damage observed. No matter the fibre type used, mortars with the lowest fibre
proportion did not suffer significant damage. However, damage on the mortars with the
highest fibre proportion suffered a similar failure mechanism to that observed on non-
reinforced mortar samples exposed to microwave heating. In this case, the collapse was
even more violent and effective to that observed with microwaves.
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