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� Microwave heating harm on steel fibre-reinforced and plain mortars was measured.
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Nowadays, refurbishing of existing structures has gained interest in order to reduce both the construction
materials used and the construction and demolition waste production. For that purpose, there are several
methods for demolishing the damaged parts, but most of the alternatives involve high noise and dust
production, which are in contraposition when structures are in urban areas. Among all the existing meth-
ods, this paper studies the possibility of using microwave heating as a demolition method, either by dam-
aging the bulk material or the mortar to concrete interface. With that in mind, the effect of microwave
heating time (range 120–600 s) on the physical, thermal, electrical, mechanical and bonding properties
of steel fibre-reinforced and non-reinforced cement mortars was analysed. The aim of the paper is to
establish possible correlations between the mentioned properties and the damage level caused by micro-
wave heating. Although the results prove that pore pressure increment due to microwave heating can
cause the reduction of flexural strength up to the rupture of the specimens, this fact cannot be extended
to all the properties or mortar types. The fibre reinforcement plays a key role to restrain the damage.
Thermal conductivity and electrical resistivity are obviously different in reinforced and non-reinforced
mortars due to the inclusions of the metallic fibres. However, after undergoing microwave heating those
properties were not noticeably altered nor follow a trend linked to the heating time. It is assumed that the
water migration and evaporation processes are the main cause. Although the flexural strength reduction
was gradual for non-reinforced mortars until total failure, the reinforced specimens only showed a 13% of
reduction for the first 120 s, remaining almost constant afterwards. Although it was proved that the fibres
increase the temperature on the specimen surface and its adhesion to the matrix is altered, their crack
bridging effect overcomes further damage.
� 2018 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In order to reduce the construction and material costs on the
construction industry, reuse of old structures for new uses has
gained interest. For that purpose, structures have to be restored
and/or reinforced. For concrete structures, the existing concrete
and reinforcement condition must be evaluated. If any of the mate-
rials involved does not fulfil the requirements imposed by the
existing EN-1504 standards, they need to be replaced in order to
guarantee a minimum quality of the refurbished structure. In any
case, concrete must be removed either because of its own damage,
or to reach and remove the corroded rebars. For the surface con-
crete removal, there are numerous alternatives [1–3], such as: (1)
by impact: chiselling, hammering, by explosives; (2) by cutting
it: drilling, sawing, by shear; (3) by bursting it: by explosives,
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Mortar preparation

Mixing process:
1.Mortar dry mixing: 1 min
2.Mixing at low speed: 1 min
3.Mixing at high speed: 1 min
4.Mix rest for 2 min
5.Mixing at high speed: 1 min

6. Low speed mixing 
with fibres: 2 min

Specimen type

40x40x160 mm3 ½ 40x40x80 mm 3

48h on moulds, curing for 28 days 

Dry bulk density and porosity

Thermal conductivity

Electrical resistivity

Microwave 
heating

Flexural 
strength

Old mortar halves: 
48h on moulds, curing for 28 days 

Final specimens:
48h on moulds, curing for 28 days 

Oven dried at 105ºC for 72h

Microwave heating

Contact surface bonding test

Steel fibre-reinforced
“S” mortar

Non-reinforced
“R” mortar

Tests performed

Tests performed

1st time 2nd time

Fig. 1. Experimental programme followed in this study.

Nomenclature

MW microwave
EN European Standard
R non-reinforced reference mortar
S brass covered steel fibre reinforced mortar
Fb maximum load registered during the contact bonding

surface test (N)
rb contact surface bonding stress (MPa)
b bonded surface to load direction angle (�)
q mortar dry apparent density (kg/m3)
qw water density (kg/m3)
N mortar water accessible porosity (–)
msat mortar water-saturated mass (g)
mdry mortar oven-dried mass (g)
mdry mortar mass submerged into water (g)

k mortar apparent thermal conductivity (W/(m K))
a mortar apparent thermal diffusivity (mm2/s)
P0 heating rate used to determine thermal conductivity (W)
a radius of the HOTDISK M1 sensor (mm)
t time since the beginning of the thermal conductivity

test (s)
s dimensionless time (–)
q’ electrical resistivity (Xm)
r electrical resistance (X)
L length of the 40 � 40 � 160 mm3 prismatic specimen
s cross section of the 40 � 40 � 160 mm3 prismatic

specimen

32 R. Borinaga-Treviño et al. / Construction and Building Materials 186 (2018) 31–41
expansive cement and chemical agents, by hydraulic expanding
devices; (4) abrading methods: sand blasting, shot blasting,
milling; (5) low to high pressure hydro-demolition methods; and
(6) thermal methods: flame lance, laser beam, electron beam, arc
heating, high-voltage pulses, microwave heating, induction heat-
ing, microwave-drilling.

Usually, refurbishments are to be done in urban areas, where
noise and vibrations are a real concern and thus must be min-
imised. In that case, expansive methods, hydro-demolition and
thermal methods have proven to be successful. Nevertheless, most
of the expansive methods require drilling, which still causes
disturbances and the hydro-demolition requires water, which is a
valuable resource that is not always available in the amount
required [3].

Among the existing thermal methods, this paper focuses on the
use of microwave heating to locally damage concrete. In that way,
Ong and Akbarnezhad [3] and Makul et al. [4] summarised the dif-
ferent uses of microwave energy on cement-based materials.
Microwaves have been studied as a non-destructive method for
evaluating damage on concrete and reinforcing bars [5–10]. Differ-
ent studies proved that microwaves could be used to improve the
early strength of mortars by accelerating its hardening process
[11–19], but they decreased the 28 day compressive strength of
concretes. However, microwaves have also been used to remove
contaminated superficial concrete [3]. Jerby et al. [20] used high
intensity microwave heating to locally melt concrete, providing a
non-abrading drilling method. Other authors [21–23] have also
used microwave energy to eliminate cement paste from the
crushed construction and demolition wastes in order to improve
the quality of the aggregates enabling their use in new concrete
manufacturing.

Once the damaged superficial concrete is removed, old concrete
is replaced by specially designed mixes for repairing structures.
The main goal is to protect the old and new reinforcement while
contributing its compressive strength on the repaired area. Thus,
steel fibre-reinforced mortars and concretes are widely used to
repair structures and industrial pavements, but also in the concrete
precast industry due to their higher toughness and durability [24].
Particularly, fibre-reinforced cementitious materials are used on
pavements, tunnel dowels, railway precast slab tracks and so on.
Hence, the use of fibre-reinforced composites is increasing, but
its demolition could be more problematic precisely due to its
higher impact resistance. However, there is scarce literature
related to the demolition of fibre-reinforced concretes.

This paper aims to evaluate the effect of damage caused by
microwave heating on the electrical, thermal and mechanical
properties of fibre-reinforced cement mortars. For that purpose, a
commercial floor slab repairing mortar was used with, and with-
out, steel fibre-reinforcement. Thermal, electrical, mechanical and
bonding properties of the cement mortar specimens were evalu-
ated for different microwave heating times in order to determine
the damage caused by the heating procedure.

2. Materials and methods

This section describes the materials and experimental pro-
gramme followed in this study. Fig. 1 shows the different test
methods used on the cement mortar specimens with, and without,
steel fibres.

2.1. Materials and mix proportions

The Mapei Planitop HPC mortar used in this study is a class R4
repair mortar, which is compliant with EN 1504-3 [25] and EN
1504-6 [26] standards. It consists of a brass-covered steel fibre-
reinforced mortar specially designed to repair damaged concrete
pavements and structures without the need for reinforcing steel
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bars. According to the specifications of the product, flexural, com-
pressive and adherence strengths were 32 MPa, 130 MPa and
higher than 2 MPa, respectively.

Fig. 2 shows the DRAMIX� OL 13/.20 fibres used in this study as
a mortar reinforcement. The fibres used were 13 mm long, 0.21
mm in diameter, straight-in-shape brass-covered steel needles.
Tensile strength and elastic modulus of the fibres were 2750 MPa
and 200000 MPa, respectively. Originally, the mortar was designed
to be reinforced with such fibres. However, in order to study the
effect of the fibre reinforcement on the mortars exposed to micro-
wave energy, two different mix proportions were used. R reference
mortars had the water to mortar total dry weight proportion of
0.12 proposed by the manufacturer. Brass-covered steel fibre-
reinforced mortar S was the same mortar but reinforced with steel
fibres in a fibre to dry mortar weight ratio of 0.065.
2.2. Specimen preparation

In this study, two different types of specimens were used: 40 �
40 � 160 mm3 prismatic specimens prepared in compliance with
EN 1015-10 [27] and 40 � 40 � 80 mm3 half prismatic specimens.

The mortar mixing process was similar for both specimens.
First, dry mortar was mixed for one minute at low speed. Then,
water was added and mixed for another minute at the same speed.
Immediately after, mortar was mixed for one minute at high speed
and then the mixing process was interrupted for two minutes. To
finish with the reference mortar mixing process, the mixture was
again mixed at high speed for another minute. For the steel
fibre-reinforced mortar, an additional step was required. Steel
fibres were gradually added to the already mixed R mortar with
the mixer working at low speed for another two minutes. As all
the mortars used were self-compacting, the mix was poured to
the centre of each gap in order to ensure a more symmetric fibre
distribution inside the specimens.

For 24 h after making the mix, specimens were cured under
ambient laboratory conditions, until the moulds were removed.
From that moment, until 28 days curing age was reached, test
specimens were submerged in water at 20 �C.

Fig. 3 shows the casting sequence followed for the making of
the 40 � 40 � 80 mm3 prismatic specimens. As is later discussed,
three different bonded surface to load direction angles, b, were
studied with the 40 � 40 � 80 mm3 specimens. Therefore, the
additional metallic pieces placed inside the original moulds were
10 mm

Fig. 2. Brass-covered steel fibres used in this study.
different in each case Fig. 3(a). No matter the case, the manufactur-
ing process of the 40 � 40 � 80 mm3 specimens required the cast-
ing process previously described to be repeated twice. First of all,
non-reinforced old mortar halves were created, see Fig. 3(b). For
24 h after making the mix, the halves were cured under ambient
laboratory conditions, until the moulds were removed. From that
moment, until 28 days curing age was reached, specimens were
submerged in water at 20 �C. Then, half of the halves created were
placed in the moulds as indicated in Fig. 3(c) and the remaining
gaps were filled with the new mortar (R or S mortar, depending
on the case), see Fig. 3(d). Demoulding and the curing procedure
was again repeated to complete the specimens required for the
bond test. As a consequence, the old half curing time was 56 days
while that of the bonded surface and new mortar, was only 28
days.

Six specimens were cast for each heating time and mortar type
combination, for a total of 48 40 � 40 � 160 mm3 specimens. For
the 40 � 40 � 80 mm3 specimens, the total number was 144 as
each combination involved different heating times, mortar types
and load to bonded surface incident angles.

With respect to the tests performed, see Fig. 1, density and
porosity were determined just to control the differences between
subsequent batches on each mortar. Electrical resistivity and ther-
mal conductivity were measured before and after the microwave
heating process with the aim of detecting any minor damage
caused by the heating process. At the same time, mechanical dam-
age was also measured via flexural strength and old mortar to new
mortar bond tests.

2.3. Dry bulk density and porosity

In order to evaluate the effect of the metallic fibres on the phys-
ical properties of the cement mortars after 28 days, dry bulk den-
sity (q) and water accessible porosity (n) were determined for
each 40 � 40 � 160 mm3 specimen according to the standard EN
1015-10 [27] with Eqs. (1) and (2):

q ¼ qw �mdry= msat �msubð Þ ð1Þ

n ¼ msat �mdry

� �
= msat �msubð Þ ð2Þ

wheremsat is the water-saturated mass of the specimens;msub is the
water-submerged mass of the specimens; mdry is the oven-dried
mass of the specimens and qw is the water density at testing tem-
perature, as defined by the standard. As the test is done only before
the microwave treatment, all the specimens for each cement mortar
mixture could be considered equal. As a result, the representative
densities and porosities were determined as the average value of
all the specimens for each mortar mixture used.

2.4. Thermal conductivity

As a non-destructive test, the thermal conductivity of the hard-
ened mortar (k) was measured with the aim of determining the
damage caused by the microwave energy. Therefore, the thermal
conductivity of the hardened mortar was determined for each
specimen before, and after, microwave heating treatment based
on the Transient Plane Source method developed by Gustafsson
[28]. This method has been successfully used to determine thermal
properties of highly porous building materials, insulation building
materials, hydrating cement pastes and even mortars [29–31].

Fig. 4 shows the setting of the tests carried out with a HotDisk
M1 thermal conductivity tester. Two 40 � 40 � 160 mm3 prismatic
specimens were used in each test to make a sandwich surrounding
the Kapton 8563 sensor. The test consists of heating a 19.8 mm
diameter disk at a constant P0 heating rate and measuring the



Fig. 3. Making process of the bonded specimens: (a) mould prepared for the making of the first halves; (b) reference old mortar halves casted prior to be demoulded; (c)
reference old mortar disposition on the moulds to be bonded to the new mortar halves; and (d) final specimens before being removed. (Figure dimensions in mm).

(a) (b)

HotDisk M1 
tester

Specimens during 
the test

Kapton 8563 
sensor

Kapton 8563 sensor 
circular heating area

19.8 mm40 mm

160 mm

Fig. 4. (a) Set-up for the thermal conductivity test; and (b) Kapton 8563 sensor used.
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temperature increment of the disk itself for an initially undeter-
mined time. According to Gustafsson [28], the time-dependent
DT(s) sensor temperature increase is given by Eq. (3):

DT sð Þ ¼ P0= p3=2 � a � k� �� � � D sð Þ ð3Þ
where a is the disk radius, k is the thermal conductivity of the mea-
sured material and D(s) is a time dependent dimensionless function
that depends on the sensor resistance properties and geometry, as
well as on the s dimensionless time (4):
s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t � a=a2

q
ð4Þ
where t is the elapsed time since the beginning of the test, and a is
the thermal diffusivity of the material. In this way, the average tem-
perature increment after a relatively short time period only
depends on P0, k, a and t. According to the TPS theory, the temper-
ature increase is linearly dependent on the D(s) function [28].
Therefore, a and k are obtained via an iterative process by forcing
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Eq. (3) to be a straight line. Heating power and testing time were set
to 1 W and 20 s respectively, based on preliminary tests.

Initial thermal conductivity of the hardened mortar was deter-
mined at an age of 28 days. As the tests are performed on the spec-
imens used to determine both density and porosity of the material,
specimens were kept sealed at 25 �C in the laboratory for 2 days in
order to cool down and thus ensure their thermal equilibrium.
After the microwave heating process, specimens were again kept
at 25 �C in the laboratory for another 2 days to recover thermal
equilibrium before measuring their thermal conductivity. Thermal
conductivity before and after the microwave heating process was
calculated as the mean of the 3 tests carried out on each of the 3
pairs of specimens tested, and the mean was also calculated to
determine the representative thermal conductivity.
2.5. Electrical resistivity

Electrical resistivity of the hardened mortar was measured with
the same goal as for the thermal conductivity: to detect and quan-
tify the damage caused by the microwave energy. For that purpose,
an End-to-End AC two-point method was chosen as proposed by
Newlands et al. [32]. However, in this case the samples studied
were oven-dried before the realisation of the tests.

Fig. 5 shows a scheme of the test. In the test, an LCR 22821A
ohmmeter was used, connected to two 40 � 40 mm2 copper plate
electrodes, which were placed on each 40 � 40 mm2 specimen
face. In order to improve and guarantee an equal specimen to elec-
trode contact on all the samples, a small compressive pressure of
0.6 Mpa was applied with a universal testing equipment. Four dif-
ferent frequencies were initially measured: 100 Hz, 120 Hz, 1000
Hz and 10000 Hz. However, stable results were only obtained for
1000 Hz and 10000 Hz frequencies. Electrical resistivity was
obtained according to the second Ohm’s law (5):

q0 ¼ r � s=L ð5Þ

where r (inX) is the electrical resistance of each test specimen; s (in
m2) is the electrode contact area (0.04 � 0.04 m2), which is the
same as the cross-section of the prismatic sample; and L (in m) is
the length of the prism (0.16 m). Finally, the electrical resistivity
representative of each tested specimen was determined as the aver-
age value of 3 repetitions. For each mortar type and heating time
combination, the final representative value was obtained as the
mean of the 6 specimens tested.
LCR 22821A ohmmeter 

Cooper 
electrodes

L=
16

0 
m

m

Silicon rubber 
insulation

1 kN Compression strength

1 kN Compression strength

Fig. 5. Disposition of the specimen during the electrical resistivity test.
2.6. Microwave heating

As indicated by Ong and Akbarnezhad [3], microwave heating
penetration depth depends mainly on the material dielectric prop-
erties and on the heating frequency used. The higher the frequency,
the more superficial and local is the heating effect. However, in this
case internal disaggregation is desired to remove the highest mate-
rial amount possible. At the same time, it is also possible to have
fibre-reinforced elements attached to other non-reinforced mixes
(self-levelling mortars on floor slabs, masonry mortars on building
envelopes and so on) that could be replaced by promoting their
debonding on the contact surface. For that purpose, the 2.5 GHz
frequency available on most of the commercial microwave heaters
ensures a proper uniform heating of the concrete specimens
[21,33]. At the same time, temperature rise of the heated material
is directly proportional to the power used, to the specimen volume
and to the heating time. In this case, the heating power was 700 W
and three heating times (120 s, 240 s and 600 s) were used and
compared to the non-heated samples (0 s). During the heating tests
each specimen was surrounded by rockwool insulation, and the
specimens were at the same time inside silicone moulds to protect
the microwave heater from possible explosions.

2.7. Flexural strength

For the evaluation of the mechanical damage caused by the
microwave heating, flexural strength was determined according
to the standard EN 1015-11 [34]. In contrast to the tests explained
before, this one is destructive; hence it was impossible to deter-
mine their value before and after the microwave treatment on
the same specimen. Therefore, 6 specimens were tested for each
microwave heating time: 0 s, 120 s, 240 s and 600 s for a total of
72 specimens tested. Finally, flexural strength was determined as
the mean of the 6 specimens tested.

2.8. Contact surface bonding test

To conclude with the mechanical damage quantification, a new
test was defined in this study to determine the influence of the
microwave heating on the old mortar to new mortar contact sur-
face bonding conditions under different vertical to horizontal rela-
tions, see bonded specimens in Fig. 3. The test consisted of
applying a uniform vertical compressive load on the 40 � 40
mm2 faces, until specimen failure. A constant load increment of
500 N/s was set, and the maximum displacement was limited to
5 mm for safety reasons. The resulting load-displacement curves
presented a sharp load decrease presenting a brittle failure. rb,

bond load, was determined according to Eq. (6):

rB ¼ Fb= 40 � 40 � sinbð Þ ð6Þ
where Fb is the maximum load registered during the test, and b is
the existing angle between the load direction and the bond surface,
which was 27�, 45� or 63� depending on the case, see Fig. 3(a). For
each heating time, mortar type and b angle combination, the final
representative result was obtained as the mean value of six speci-
mens tested.
3. Results and discussion

3.1. Microwave heating effect on the thermo-physical properties

Firstly, dry density and porosity obtained for each mortar were
analysed in order to control the specimen homogeneity between
different batches. Mean dry densities for the R and S mortars were
2.27 kg/m3 and 2.34 kg/m3, with a standard deviation of 0.02 kg/m3
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and 0.03 kg/m3, respectively. As expected, the density of the fibre-
reinforced mortar was higher than that of the reference mortar,
due to the higher density of the fibres. According to the porosity,
S mortar presents higher values than R mortar, with a mean value
in percentage by volume of 12.1% and 9.4%, respectively, which
was also observed for previous fibre-reinforced mortars studied
[35].

In addition, Fig. 6 shows the thermal conductivity of both R and
S mortars before and after the microwave heating treatment. As
the test is non-destructive, both tests were done on the same spec-
imen. Therefore, results before and after the microwave heating
process are directly comparable. For the R mortar, see Fig. 6(a), tak-
ing into account all the specimens, the thermal conductivity
before MW heating was 1.65W/mK with a standard deviation of
0.02W/mK. The heat treatment applied caused a general decrease
of the thermal conductivity. The higher the heating time, the
greater was this reduction. Thermal conductivity decreased by
1%, 5.3% and 9.3% for 120 s, 240 s and 600 s heating times, respec-
tively. This diminution was mainly caused by the sample’s water
loss. In spite of being oven-dried to reach constant mass for at least
72 h, specimens lost more water due the higher and more intense
heating power applied by the microwaves. This was evident as the
microwave walls were wet after each heating process. In an oven,
temperature gain comes from the heat exchanging process on the
specimen surface. Therefore, the temperature of the specimen is
always higher on the surface than on the inside, creating a temper-
ature and moisture gradient that eases the water evacuation
without creating high inner pressures. On the contrary, 2.5 GHz
microwaves induce a nearly uniform internal heat generation,
which is enhanced by the water presence. In this case, heat is
released from the specimen to the microwave heating chamber,
hence the temperature on the inner part would be higher than that
of the surface, creating a faster moisture migration from the inner
pores to the specimen surface. As the pore pressure is higher for
the MW heating process, part of the remaining water finds a way
to leave the material, reducing its water content and decreasing
the thermal conductivity of the bulk material. When the pore pres-
sure exceeds the mortar tensile strength, pore pressure is released
by spalling the mortar from the inside [4]. This effect was observed
on the R mortar specimens initially planned to be heated for 600 s.
After an elapsed time of 300–400 s, all the specimens spalled, as is
later discussed in Section 3.2. Nonetheless, thermal conductivity
measured for the remaining fragments indicated that the non-
broken parts had similar values to that expected in a non-
damaged material.
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Fig. 6. Influence of the microwave heating time on the mortar thermal conductivity: (a) n
(S-mortars).
For the S mortar, see Fig. 6(b), a dissimilar behaviour was
observed. Taking into consideration all the specimens, the thermal
conductivity before MW heating was 1.88 W/mK with a standard
deviation of 0.14 W/mK. In any case, thermal conductivity of the
S mortar was significantly higher than that of the R mortar, which
is attributed to the high steel fibre density of the mix and to the
higher thermal conductivity of the steel fibres with respect to the
rest of the mortar components, though, the standard deviation
indicates that the initial thermal conductivity is much more dis-
persed for the S mortar, which is thought to be caused by the ran-
domness of the fibre distribution in the specimens. With respect to
the MW heating effect, the heat treatment applied caused a
decrease of 7.1% and 6.2% for the 120 s and 600 s heating times,
respectively. However, a thermal conductivity increase of 2.8%
was detected for the 240 s heating time, which is within the 5%
error attributed to the accuracy of the test itself.

During the MW heating, moisture migration occurs in the spec-
imen from the inside to its surface due to the generated tempera-
ture gradient. For low heating times, water near the specimen
surface finds a way out and therefore caused a thermal conductiv-
ity decrease. However, as the heating continues, water from the
inside is transported to more superficial pores, but has no time
to reach the surface, increasing thermal conductivity on the sur-
face. Finally, for the highest heating time, the water on the surface
is removed and the thermal conductivity is decreased again.

Unlike the R mortar, S mortar did not break for any of the heat-
ing times applied. The higher porosity of the mortar contributed to
diminishing the internal pore pressure increase caused by the tem-
perature gradient. At the same time, the flexural strength reduc-
tion observed indicated that the MW treatment damaged the
specimen paste, enhancing the water migration and thus reducing
the pore pressure. Furthermore, the reinforcing action of the steel
fibres also contributed to maintain the integrity of the cement
mortar.

As the electrical resistivity test is also non-destructive, results
before and after the microwave heating process were also directly
comparable. Fig. 7 shows the electrical resistivity obtained for R
and S mortars. Based on the results, it seems legitimate to affirm
that electrical resistivity was reduced with the heating time for
the R mortar, see Fig. 7(a). For the highest heating time, measure-
ment was impossible as the specimens spalled after an elapsed
time of 300–400 s. Although the decreasing tendency was similar
for both frequencies, there is not a clear preferential frequency to
use as the differences between the ‘‘before” and ‘‘after” results
are greater for different frequencies depending on the studied
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heating time. The electrical resistivity decrease for the R mortar is
higher for the 120 s heating time and a frequency of 1000 Hz, while
the opposite occurred for the 240 s heating time and 10000 Hz fre-
quency. As for the thermal conductivity, electrical resistivity pre-
sents a more chaotic behaviour for the S mortar than that of the
R mortar, see Fig. 7(b). For 120 s and 600 s MW heating times, elec-
trical resistivity is reduced for both frequencies, but the opposite
behaviour is observed for the 240 s heating time. The authors do
not find any explanation for this behaviour, as an electrical resis-
tance increase was expected due to the capillary water content
reduction suffered by both mortars [32]. Therefore, the authors
concluded that electrical resistivity is not an effective parameter
to detect damages on steel fibre-reinforced mortars in the way it
was measured in this study.

3.2. Surface temperature on the specimens heated by microwaves

A further test was performed to estimate the surface tempera-
ture of the specimens as a function of the MW heating time. For
that purpose, a ‘‘Testo 875i” infrared thermographic camera was
used. The camera works on a temperature range from 0 to 350 �C
with an accuracy of 2 �C. In order to calibrate the camera for the
studied mortar, three calibration specimens were heated to 105
�C for 24 h (one for each mortar studied). Based on the temperature
recorded for a black body at the same temperature, emissivity of
the R and S mortars was determined to be 0.93.

Fig. 8 shows the temperature of both R and S mortars for 120 s,
240 s and 300 s MW heating times. According to the results, R
mortar reached a maximum temperature of 108 �C, 182.9 �C and
250.9 �C for 120 s, 240 s and 300–400 s MW heating times, respec-
tively. Therefore, the temperature rise was almost linear during all
the process up to the spalling time. In the same cases, the
maximum temperatures for the S mortar were significantly higher,
215.8 �C, 276.1 �C and 348.7 �C (based on the temperature range of
the camera, the last value could be even higher than that mea-
sured). This increase indicated that the steel fibre presence clearly
enhanced the heating effect on the specimen surface due to micro-
wave energy. It is well known that steel tends to reflect most of the
microwave energy, which enhances the heating effect near the
reinforcement [3]. This effect would be beneficial when superficial
damage is desired, for example to remove the damaged concrete
cover layer. However, the high fibre density used in this study con-
centrated the temperature rise on the specimen surface. Despite
the high surface temperature, S mortar resisted surface delamina-
tion due to the fibre reinforcing capacity.
Fig. 9 shows a schematic representation of the most plausible
fracture process for the spalled R mortar. Temperature distribution
observed for the R mortar after microwave heating for 240 s indi-
cated a higher heating close to the ends of the specimens, which
is attributed to the higher exposition to radiation due to its contour
effect [3]. As the specimens were oven-dried before the microwave
heating process, specimen pores near the surface were non-
saturated. However, in a more interior hot spot near the specimen
end surface, pores were still partially or fully water saturated, lead-
ing to the fracture initiation. Then, fracture propagation occurred
in apparently random directions, but showing two preferential
planes: one was the 40 � 40 mm2 cross-section, and the other, an
intermediate 40 � 160 mm2 cross-section.

3.3. Microwave heating influence on the mechanical properties

Microwave influence on the mechanical properties was deter-
mined by flexural strength tests. Fig. 10 shows the flexural strength
of the R and S mortars as a function of the MW heating time
applied. For the R mortar, flexural strength decreased gradually
from 14.9 MPa to 7.5 MPa up to 240 s MW heating time, which
indicates an evident deterioration of the mechanical properties.
Then, spalling occurred after an elapsed time of 300–400 s, reduc-
ing the specimen to small fractions as can be seen in Fig. 9. The
fibre presence on the S mortar changed this behaviour dramati-
cally. The initial value of 31.3 MPa is in accordance with the
strength reported by the manufacturer, which is at the same time
significantly higher than that of the reference mortar. Therefore,
steel fibre presence increased effectively both the initial flexural
strength and residual strength. Due to the MW heating process,
flexural strength was reduced by 13% on average. Nevertheless,
for the S mortar the reduction was similar and independent of
the MW heating time applied, which indicates that the damage
mainly occurred during the initial part of the heating process. For
the first 120 s, flexural strength reduction ratio was 0.04 kN/s
and 0.0375 kN/s for the R and S mortars, respectively. As this
reduction was similar for both mortars, Authors concluded that
MW heating damaged the cement mortar matrix almost equally
during the 0–120 time interval. However, this initial damage was
sufficient to connect the non-connected pores, easing the remain-
ing water evacuation. This stage may occur slightly before the
above mentioned 120 s, or slightly after them. This is the reason
that may lead to higher standard deviations of the flexural strength
values shown in Fig. 10. Although mitigated, pore pressure rise
continued, causing the progressive damage observed on the R



Fig. 9. Reconstruction of a spalled reference mortar specimen after microwave
heating for 300–400 s and fracture initiation and propagation on the prismatic
specimens.

    (c) R mortar, MW: 240s      (d) S mortar, MW: 240s

    (e) R mortar, MW: 300-400s      (f) S mortar, MW: 600s

     (a) R mortar, MW: 120s      (b) S mortar, MW: 120s

Fig. 8. Temperature distribution just after the MW heating time for R and S mortars.
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mortar. However, the fibre-reinforcement of the S mortar focused
the heat rise mainly on the specimen surface, while the fibres
began to act resisting the pressure increase associated with the
temperature rise, preventing any damage increment from then on.
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Based on the flexural strength results, it could be concluded that
the MW heating would be an option when the mortars were not
reinforced with steel fibres but for the S mortar, MW damage
would be insignificant. With the aim of studying the influence of
the MW heating effect on the steel fibre to mortar bond strength,
mortar Urel relative toughness was determined on the flexural
specimens from the Fmax maximum load to n load reductions of
25%, 50% and 75% according to Eq. (7):

Urel ¼ 1=Fmaxð Þ �
Zx n�Fmaxð Þ

x Fmaxð Þ

F xð Þ � dx ð7Þ

where x is the specimen deflection recorded during the flexural test.
Fig. 11 shows the relative toughness results for the S mortar, as

well as its reduction with respect to the unheated mortar speci-
mens. As the MW heating time increased, a more severe reduction
of the specimen toughness was observed, see Fig. 11(a). This effect
was evident as the relative toughness reduction curves tended to
have a constantly increasing value, see Fig. 11(b). From the com-
parison between the curves representing the different maximum
strength reductions, it was also concluded that most of the residual
stress reduction occurred just after the crack initiation. At the
beginning, most of the fibre-reinforcement comes from the fibre
to cement paste bond strength. Once the crack begins to propagate,
fibre residual stress is more attributed to the curvature of the
fibres, therefore the residual strength mainly is caused by the fric-
tion of the fibre with the cement paste.

Based on the flexural strength, it would seem legitimate to
affirm that R mortars were susceptible to MW heating but steel
fibre-reinforced S mortars were not. Nevertheless, the microwave
reflecting effect observed on the S mortar specimen surface could
be interesting when steel fibre-reinforced mortars are bonded to
a non-reinforced concrete or mortar, such as the R mortar. Micro-
wave energy would be projected back to the R mortar from their
bonding surface. Due to microwave reflection, non-reinforced con-
crete would suffer a higher temperature rise near the bond surface,
promoting its debonding or internal spalling.

Fig. 12 shows the bond load obtained as a function of the mortar
type, MW heating time and bond surface to compressive load
direction angle. Note that the rb bond load is the result of dividing
the compressive load applied by the bond surface, not the speci-
men cross section. However, total stress results are only discussed
as a further analysis of the normal and tangential stresses led to no
more meaningful information.
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Before the MW heating process, R mortar bond strength was
negligibly higher than that of the S mortar; for the intermediate
angle, the R mortar nearly doubled its value, while for the highest
angle, the bonding strength was higher for the S mortar. After the
MW heating process, a dissimilar influence was observed depend-
ing on the bond surface angle studied. For the lowest angle, no sig-
nificant influence was observed due to the MW heating process.
For the intermediate angle, a clear influence was observed for the
R mortar, but a negligible effect on the S mortar. Finally, a similar
reduction was detected on the highest angle for both mortars.

The results obtained for the 27� and 45� bond surface angles
indicated that the bond strength in general was better when old
R mortar was bonded to new Rmortar, meaning that the fibre pres-
ence had a negative effect on the bonding process. On the contrary,
63� bond surface results showed that damage existed due to the
MW heating process. As shown in Fig. 13, specimens with 27�
and 45� bond surfaces failed due to debonding of the generated
interface. However, for the 63� case, the failure occurred on the half
corresponding to the R mortar, denoting that the damage mainly
occurs on the R mortar bulk material. This could also be seen on
the failure sequence of each specimen tested, especially on the S
mortar.
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4. Conclusions

This paper analysed the influence of usingmicrowave heating as
a demolition/debonding thermal process on steel fibre-reinforced
mortars used to repair structures. In particular, it analyses the influ-
ence of the steel fibre presence on its thermal andmechanical beha-
viour. For that purpose, the same mortars with, and without, steel
fibres have been tested before, and after, applying the microwave
heating process by both destructive, and non-destructive, tests.
Based on the results, the following conclusions have been obtained:

� The thermal conductivity of the steel fibre-reinforced mortar
was on average 14% higher than that of the non-reinforced ref-
erence mortar. Furthermore, thermal conductivity of both mor-
tars decreased by up to 7% due to the thermal process, which is
attributed to the water loss caused by the microwave based
internal heat generation. Nevertheless, the absence of any dam-
age to thermal conductivity correlation does not encourage the
use of this property to monitor the mortar damage.

� Electrical resistivity is not an effective parameter to detect dam-
ages caused by microwave heating on steel fibre-reinforced
mortars the way it was measured in this study.

� Flexural strength is reduced by 32% and 50% for 120 s and 240 s
microwave heating times for the reference mortar, while total
failure occurred for an elapsed time of 300–400 s. The water
found on the microwave walls indicated that, despite the
oven-drying process, specimens still had water in non-
accessible pores, being the main reason for spalling to occur.

� Mortar surface temperature is increased by 200%, 150% and
140% with the steel fibre presence for the 120 s, 240 s and
300 s heating times used in this study. However, flexural tests
indicated that the damage caused by the microwave heating
process is negligible on the steel fibre-reinforced mortars.
Porosity increase caused in the mortar contributed to maintain-
ing the integrity of the mortar by mitigating the internal pore
pressure increase caused by the heating process.

� In spite of the slight damage caused by the microwave heating
process on the steel fibre-reinforced mortars, the reduction of
up to 40% of the relative toughness obtained indicated that
the microwave heating damage has more influence on the mor-
tar behaviour just after the crack initiation.

� According to the bond strength, based on the failure modes
observed on the specimens, the microwave heating process
mainly influenced the results by weakening the weakest mortar
resistance, but no significant influence was detected on the
bond strength itself.
Finally, this paper shows the results obtained for the first
research phase focused on evaluating the viability of the micro-
wave demolition method on steel fibre-reinforced cement compos-
ites. The method proposed studied the damage by using only one
type of specimen and fibre proportion, which might influence the
fibre spatial distribution. Influence of the heating frequency is also
limited to 2.5 GHz. All this influences will be further studied.
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