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Microwave system for in-situ curing of concrete repair

P. S. Mangat, K. Grigoriadis & S. Abubakri
Materials & Engineering Research Institute, Shkffidallam University, Sheffield, UK

A. Javaid & C. Zhao
Fraunhofer Institute for Interfacial EngineeringB8otechnology, Stuttgart, Germany

ABSTRACT: This paper presents some results of the FP7 MCure project on the development of a p
system for microwave curing of concrete and concrete repair. Microwave curing of concrete provide:
early age strength compared to normally cured concrete. A prototype microwave curing system tas
veloped based on laboratory results on microwave curing of concrete repair materials. Subsequently,
als were carried out to validate the Pre-Industrial Prototype system by testing elements of four conem
pair materials and a CEM Il cement concrete. The prototype control system was used to record dat:
surface temperature of concrete, moisture content of concrete and output power of the magnetron. In
the relationships between microwave output power, temperature and volume of repair of the field trie
derived and compared with the laboratory results. The prototype microwave system performed effe
Slabs of dimensions 1 m1 m and depths up to 64 mm were microwave cured to temperature upQdots
the predetermined time.

1 INTRODUCTION and w/c ratios (Wu et al. 1987, Hutchison et al.
1991, Leung & Pheeraphan 1995, Leung &
heeraphan 1997, Sohn & Johnson 1999, Lee 2007,
atanadecho et al. 2008, Makul & Agrawal 2011).
Significant reduction in disruption, delays and costs
fan be achieved by shortening the required curing
ime of patch repairs in concrete structures and ai
irport runways.
The MCure project funded by the EC FP7 pro-
gramme has been developed to facilitate rapid and

high early age strength may be required to minimisg;\rgtr)rl]een?st? n{ﬁ?g\'/\r;véocSﬁ:creﬁgto?”ugtﬁ;essbsgg
delays, disruption and financial costs for the usezf : 9p yp

Patch repair is one of the most common typesof r
pair in concrete structures. It can be classified a
non-structural or cosmetic repair in which load-ca
rying capacity is not a major issue and structugal r
pair in which the repair patch is expected to carr
load (Plum 1991). Emmon&l992) provides a at
tailed description of the various stages involved
the execution of a patch repair.

In the case of runway, bridge and car park repair

and owners of the structure. Cold weather repair a leveloped to accelerate in-situ concrete repairs and

plication is another example in which high early ag 0 enable repair application in cold weather.

strength is required to avoid the detrimental effect
of low temperatures on long-term compressiv MCURE PROTOTYPE DESCRIPTION
strength (Neville 2011). However, under normatcu 2.1 MCure prototype systems

ing conditions, it may take 24 hours or more for . . .
most cementitious repair materials to harden and grl]le MCure pro;[otyp.e (Fig. 1) is comprised oé th
may take several days before sufficient compressive’OWINg SX SyStems:

strength is developed to carry the applied loads Microwave system
(Leung & Pheeraphan 1995). e Temperature monitoringystem

Microwave heating based on dissipation of inte ° II\Q/Imstutre motnltlorlngt system
nal energy due to the excitation of water molecula’ Elemo_e ::on rol system
dipoles when exposed to a rapidly alternating-ele ® = ectrica systde_m_ f
tromagnetic field (Leung & Pheeraphan 1995) can bé Microwave radiation safety system
used to reduce curing time and increase early age
strength of cement-based repair materials. This has
been shown by various studies performed en c

ment-based mortars using different types of cement



to achieve the target temperature. In the second case,
the antenna is positioned above a pre-determined lo-
cation and remains fixed until the area directly b
neath the antenna has reached the target temperature
Once the target temperature is reached, the antenns
is moved and positioned at the next area to be m
crowave cured. By using this approach, it is possible
each time to microwave cure an area slightly larger
than the projected area of the antenna.

2.2.2 Automatic mode
When in automatic mode&nly the movement pa

Figure 1. The MCure prototype. tern of the antenna is determined by the operator.
The target temperature of the microwave cured patch
2.2 MCure prototype)perating software repair is aChieved)y USing either a Proportional In-

tegral Derivative (PID) algorithm or a Fixed Time
Power Regulating (FTPR) algorithm specificallg-d
Pyeloped for the MCure systenThe algorithm is
Rised to regulate the required microwave powfer

he antenna at a specific positiddnce the target
mperature at this position is achieved, the antenna

erate the machine. It provides the user with the o
tion of selecting either manual or automatic mod
control for operating the machine. Parameters su
as the movement pattern of the antenna over the Mg moyed and positioned over the next area to be m
crowave cured area, microwave power, target-te ..qwvave cured.

perature and total heating time can be input before

the start of operating the machine by using the touch » 5 1 p|p algorithm

screen panel shown in Fig. 2. The movement of thene proportional Integral Derivative (PID) controller

antenna is subdivided into step by step and contin Minorsky 1922) is a control loop feedback mach
ous movement patterns. The step by step movemeRism, 1t has become the most commonly used
pattern means that the antenna will move to the nexjsseq-loop controller in all types of industrial con-

position only when the temperature of the current.q| systems due to its simplicity and excellent-pe
position achieves the target temperature. The contifgmance (Astrom & Murray 2010). In a PID con-
uous movement pattern means that the antenna Willyier its input signal is the erreft) between a user

fined set point(t) and a measured plant/process
variabley(t) as shown in Equation 1. The terms plant
and process refer to the object or the process that is
being controlled by the PID controller. In the case of
MCure system the process is the microwave heating
of the repair patch and the eredt) is the difference
between the measured temperagfteand the target
temperature (t) (40 to 45°C) (Mangat et al. 2015,
Mangat et al.2016.). The output signdt) of the

PID controller in time t-domain is given by Equation

continuously move over the concrete surface withyqo
constant speed/power.

2.
e(t) =r(t) - y(t) 1)
_ t de(t)
Figure 2 The touch screen display panel. u(t) =K pe(t) +K; je(r)dr Ky dt 2)

0
2.2.1 Manual mode ) )
Microwave curing parameters such as position of thwheree(t) = error signalr(t) = set point value for
antenna, microwave power and heating time shoultemperaturey(t) = plant/process variable (measured
be determined by the operator in the manual mode é¢mperature)u(t) = PID output signali, = propa-
the machine. The target temperature can be reaché@nal gain (a tuning parameteK); = integral gain (a
using either continuous movement or a step by stefpining parameter); andy = derivative gain (a tuning
approach. In the first case, the antenna moves atP@rameter). _
constant speed along a pre-determined path using!n the MCure system, the PID controller continu--
fixed power and the temperature is recorded. Thi@usly measures the error and attempts to minimise it
procedure can be repeated as many times as need®&@r time by only adjusting the microwave power



supplied to the surface of the repair patch. @ens enclosure is opened while the prototype is in aper
guently, the required heating time to reach the targdion.
temperature cannot be controlled. Too much micro- ,
wave power can lead to excessive rates of temper'
ture increase, which in turn can result in plastic. ™
shrinkage and cracking, significantly reducing late
age strength (Mangat et al. 2015, Mangat e&
al.,2016.). In order to overcome the above limitationf}
a second algorithm (Fixed Time Power Regulating
(FTPR) algorithm) has been developed for use wit
the MCure system. In FTPR algorithm the targe
temperature is achieved at the end of microwave cu
ing (Mangat et al. 2015, Mangat et al. 2016.).

2.2.2.2FTPR algorithm

The aim of this algorithm is to provide adequaie m '
crowave power for rea_lchlng th.e target temperatur_e ia—'ﬁgure 3 The microwave safety enclosure.
the end of a fixed period of microwave curing. Prior

to the application of microwave curing the rate of

temperature increase for the entire curing cycleis d 2.4 System integration

termined based on the initial (ambient) temperature; vic :
: : ure prototype systems were assemblecg-int
of the repair surface. At the start of the curing CyClegrated and verified as a single operational unit. For

an initial microwave power s applied for an in- this purpose, software developed specifically for the
cremental period,tand the temperature of the repairy e re system was used to integrate individuaheo

S:ff[face I'St measured atdthe end Qfmdgi(t’ the rats ponents in the whole system and then verify the
of temperature increase auring perigasicompared )0 system as a single unit. In addition, the-int

to that for the entire curing cycle. If the rate ahte grated system was verified for microwave safety.

petratufr(t—:= mcrea?e duringis hlgfhert(r)]r Iowt(_ar than the The integrated and verified system was then used to
rate of temperature increase for the entireé cunng ¢ perform trials on large slabs cast using different r
cle the microwave power is either reduced or 'n'pair materials

creased accordingly to a new valye P

2.3 Microwave radiation safety system 3 EXPERIMENTAL PROCEDURE

The microwave radiation safety system of MCure3.1 Test programme

prototype consists of a microwave safety enclosurg yoq hrogramme was performed to microwave cure
in the form of a rectangular cuboid cage, fOUF M ¢oqj6q” 4y elements of concrete repair using the
crowave leakage sensors and one microwave safgfy, e prototype system. Tests were carried out to
automatic power-off switch. The safety enclosurg g iqate the operating and control parameters of the
fully covers the microwave system and is used tQuicroave prototype system and to assess theéir rel

confine the emitted and reflected microwave energyjiy, - The results were analysed to validate the
within its boundaries (Fig. 3). The walls and roof ofj,,qic microwave curing relationships developed for
the enclosure consist of a semi-transparent stalnleﬁ?pair patches (Mangat et al. 2015, Mangat et al
steel fabric supported by an aluminum frame. Th 016.) ' ' )
enclosure is able to provide effective shielding e

against electromagnetic waves and complies with BS

EN 60519-6 (BSI 2011) which limits microwave 3.2 Repair materials

leakage to 50 W/fn It also _offers th‘? chance to ob- The following commercial repair materials were

serve the prototype when in operation. The fowr m sed in this investigation:

crowave leakage sensors are installed on top of ea(L:Jh )

enclosure wall (external face) and continuously mon; Repair Material 1: A concrete with CEM /AL

itor the level of microwave leakage. Each sensor is 55 'R cement cénforming to BS EN 197-1 (BSI
connected to the main control system in such a way 20'11) coarse sharp sand (50% passing au600
that it can indivi_dually shut down the whole system sieve)’ and uncrushed river gravel (maximum size
by dzetec'gmg_mlcrowaye leakage in EXCess of 50 of 20 mm) with w/c ratio of 0.45. Density of fresh
W/m* during its operation. The automatic power-off mix was 2350 kg/th o

switch ensures that the whole prototype is autemat Repair Material 2: A low shrinkage polymer mod-
cally switched off once the maintenance door of the ified cement mortar, fibre-reinforced with corro-



sion inhibitor. Density of the fresh mix was 2100
kg/m® (Sika MonoTop-412). [—

e Repair Material 3: A polymer modified cement gy sw
mortar. Density of the fresh mix was 2050 kg/m
(Sika MonoTop-613). e

e Repair Material 4: A polymer modified cement,
mortar with corrosion inhibitor. Density of the |
fresh mix was 1900 kg/fr(StoCrete GM P).

e Repair Material 5: A polymer modified cement
mortar. Density of the fresh mix was 2200 kg/m
(StoCrete TG 204).

3.3 Details of slabs

Five slabs were cast in timber moulds of 1000 Figure 5 Surface finishing of material.
1000x 105 mm internal dimensions for microwave
curing trials of the above repair materials. The mix3 5 \icrowave curing

proportions of each repair material were based on , ) ,
the manufacturer's recommendations. Details of afplabs were cast with dimensions of 1xni m and

slabs are shown in Table 1. microwave cured. The surface of each slab was d
vided into strip areas to heat. The slab surface e
Table 1. Details of repair material slabs posed to microwave power was not covered during
Slab __ Area Depth Repair Pre-curing curing. The microwave curing was controlled manu-
material  time ally. Each strip area was microwave cured for 2.5
(m’) (mm) (min) minutes at a power of 1700 Watts by locating the
S6 1 58 1 43 microwave antenna above the strip. The projected
gg gg g jg area of the antenna, with some spread _of the micro-
S9 61 4 38 wave energy, was heated at each location. After 2.5
sS10 64 5 41 minutes the antenna was moved manually over the

next strip. The total microwave curing time of each

- . slab was 50 minutes.
3.4 Mixing and casting of slabs

The quantity of each repair material (concrete an
commercial repair materials of slabs S6 to S10) an _
water were mixed together in a concrete pan mixefhe internal temperature of each slab was measured
to produce the required volume of mix for the slabdy @ single type T thermocouple which was located

element. Each mix was cast in the mould ang-co at the base of the timber mould of the slabs. Fig. 6

pacted by hand tamping and trowelled as shown ifhows an installed thermocouple (top right corner) in

Figs. 4, 5. The slab specimens were then placed i typical slab mould. Temperature measurements
side the MCure prototype system and microwavevere taken every 5 seconds using a Data Taker
cured. Microwave curing was started at 38 to 4@2T85G digital logger.

minutes (pre-curing time) after commencing mixing
the repair materials, to simulate the typical time tak
en on construction sites to apply a repair patch.

.6 Internal temperature monitoring

Figure 6.Thermocouple placed on the base of the mould.

Figure 4 Compaction of newly cast mix.



3.7 Surface temperature measurement MCure prototype temperature sensors are shown in
Table 3.

In addition to the temperatusensors of the MCure
prototype, the surface temperature of the slabs wa
measured using a FLIR i7 thermal camera (Fig. 7
The accuracy of the camera is 0.2% or°€2 and
gives a resolution of 140 140 pixels. The camera
provides an image of temperature distributionxma
imum and minimum temperature range at a select
area and a spot point temperature.

Figure 7 Thermal camera for monitoring the surface teraper
ture of the slabs.

4 RESULTS AND DISCUSSION |

A significant temperature increasd was achieved : g

at the end of microwave curing in all slabs. The Mid g e
point temperature increase recorded by the therm oy

camera at the end of microwave curing is shown in

Table 2.

Table 2. Slab details.

Slabs Repair Volume Mid-point
material temperature
increaseAT

() ()

S6 1 58 12.6

S7 2 62 19.1

S8 3 59 16.6

S9 4 61 14.6

S10 5 64 24.4

The results of slab S9 which are typical of all slab
S6-S10 are described in detail below.

A typical photo of a slab (S9) immediately after
the end of microwave curing is provided in Fig. 8,Figure 9 Slab temperature distribution (a) before the start of
which shows signs of phase change from fluid te so microwave curing and (b) after the end of microwave curing.

id state. Microwave curing significantly accelerated ] o )

the setting of the repair slabs and the surfaces wefdnally, it should be noted that negligible microwave
free from plastic shrinkage cracking. Thermal gma leakage was detected during curing of all test slabs.
es of slab S9 at the start and at the end of microwave

curing are shown in Figs. 9a, b respectively. Finally,

details of slab S9 temperature development during

successive microwave curing of its strip areas ob-

tained using the embedded thermocouple and the




Table 3. Slab S9 temperature development.
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1-Thermocouple located at mid-point of first quarter of slab, 2-Mangat, P., Grigoriadis, K. & Abubakri, S. 2016. Microwave

Curing Parameters of In-situ Concrete Repdirsnstric-

tion and Building Materials, 112: 85866 .

Minorsky, N. 1922. Directional stability of automatically
steered bodieslournal of American Society of Naval Bng
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o . s hn, D. & Johnson, D.L. 1999. Microwave curing effects on
\S/C/'e'g)'ng of microwave radiation (less than 50 the 28-day strength of cementitious materiglement and
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e Microwave curing significantly accelerates thé se Wu, X., Dong, J. & Tang, M. 1987. Microwave curing hiec
ting of the repair slabs and the surfaces of ¢éhe r nigue in concrete manufactur€ement and ConcreteeR
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