Sheffield
Hallam _
University

Hydration and microwave curing temperature interactions
of repair mortars

MANGAT, Pal <http://orcid.org/0000-0003-1736-8891>, ABUBAKRI, Shahriar,
GRIGORIADIS, Konstantinos and STARINIERI, Vincenzo

Available from Sheffield Hallam University Research Archive (SHURA) at:
https://shura.shu.ac.uk/29881/

This document is the Published Version [VoR]
Citation:

MANGAT, Pal, ABUBAKRI, Shahriar, GRIGORIADIS, Konstantinos and STARINIERI,
Vincenzo (2021). Hydration and microwave curing temperature interactions of repair
mortars. Recent Progress in Materials, 3 (4). [Article]

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk


http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

KLinsen

Recent Progress in Materials LIDSEN Publishing Inc.

Original Research

Hydration and Microwave Curing Temperature Interactions of Repair
Mortars

Pal S. Mangat » ¥, Shahriar Abubakri 2, Konstantinos Grigoriadis %, Vincenzo Starinieri

1. Centre for Infrastructure Management, Materials & Engineering Research Institute, Sheffield
Hallam University, Howard Street, Sheffield, S1 1WB, UK; E-Mails: p.s.mangat@shu.ac.uk;
abubakri@rowan.edu; k.grigoriadis.1@gmail.com; starvinc@gmail.com

2. Civil & Environmental Engineering, Rowan University, 201 Mullica Hill Road, Glassboro, NJ 08028,
USA

* Correspondence: Pal S. Mangat; E-Mail: p.s.mangat@shu.ac.uk

Academic Editor: Jorge de Brito

Special Issue: New Trends on Circular Economy Building and Construction Materials

Recent Progress in Materials Received: June 24, 2021

2021, volume 3, issue 4 Accepted: September 26, 2021

d0i:10.21926/rpm.2104040 Published: October 09, 2021
Abstract

Microwave curing of repair patches provides an energy efficient technique for rapid concrete
repair. It has serious economic potential due to time and energy saving especially for repairs
in cold weather which can cause work stoppages. However, the high temperatures resulting
from the combination of microwave exposure and accelerated hydration of cementitious
repair materials need to be investigated to prevent potential durability problems in concrete
patch repairs. This paper investigates the time and magnitude of the peak hydration
temperature during microwave curing (MC) of six cement based concrete repair materials and
a CEM Il mortar. Repair material specimens were microwave cured to a surface temperature
of 40-45 °C while their internal and surface temperatures were monitored. Their internal
temperature was further monitored up to 24 hours in order to determine the effect of
microwave curing on the heat of hydration. The results show that a short period of early age
microwave curing increases the hydration temperature and brings forward the peak heat of
hydration time relative to the control specimens which are continuously exposed to ambient
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conditions (20 °C, 60% RH). The peak heat of hydration of normal density, rapid hardening
Portland cement based repair materials with either pfa or polymer addition almost merges
with the end of microwave curing period. Similarly, lightweight polymer modified repair
materials also develop heat of hydration rapidly which almost merges with the end of
microwave curing period. The peak heat of hydration of normal density ordinary Portland
cement based repair materials, with and without polymer addition, occurs during the post
microwave curing period. The sum of the microwave curing and heat of hydration
temperatures can easily exceed the limit of about 70 °C in some materials at very early age,
which can cause durability problems.

Keywords
Microwave curing; concrete repair; heat of hydration

1. Introduction

The temperature of cementitious materials when mixed with water and their subsequent
exposure to the environmental conditions has a significant effect on the hydration process. The
hydration process slows down at low temperature and may stop in freezing conditions. Higher
temperature leads to an increase in the reaction rate according to Arrhenius law and curing
temperature plays an important role in the strength development and microstructure formation of
cementitious materials [1, 2]. In practice, concrete repair patches can be exposed to different
ambient temperatures, deliberately applied external heat during curing in addition to the heat of
hydration. Copeland and Kantro [3] reported an increase in the initial rate of hydration of alite and
belite at higher temperature. Kjellsen and Detwiler [4] carried out an experimental investigation on
the hydration reaction kinetics of Portland cement mortar cured at temperatures increasing
incrementally from 5 °C to 50 °C. They reported an increasing degree of hydration for higher
temperature applied at early age. A study carried out by Escalante-Garcia and Sharp [2] showed that
higher initial temperature of OPC accelerates hydration and, therefore, results in higher heat
evolution. Hydration temperature of cementitious repair materials has a strong influence on the
strength and durability of a repair patch in the short and long term [5, 6].

Thermal curing methods such as steam curing or autoclaving are commonly used in precast
concrete practice to accelerate the curing of cementitious materials and hence achieve a higher
early age compressive strength. Gallucci et al. [7] reported that C-S-H is highly sensitive to curing
temperature which results in a continuous increase in apparent density of cement paste with curing
temperature in the range of 5 to 60 °C. Traditional thermal curing methods often require 1 to 3 days
of maintaining high temperature for strength development of concrete. Thermal curing methods
which provide internal heat, such as electric and microwave curing, are now becoming important in
order to accelerate concrete curing to shorter periods. The popularity of these approaches is due to
the fact that they provide uniform heating and often require less than one hour of thermal curing.
Most previous research on microwave curing deals with rapid high strength development of
conventional concrete, usually focussed on the precast industry [8-11]. These studies have mainly
focused on the effect of temperature at the end of the microwave curing period on strength
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development without considering the heat of hydration. However, potential durability problems
such as delayed ettringite formation and thermal shrinkage cracking can occur due to the high
temperature reached at early age under microwave curing [12]. These temperatures and the
durability concerns can be further increased by the interaction of heat of hydration at early age with
microwave curing temperature. This important aspect which is addressed in this investigation has
so far received little attention.

Very little information is available in literature on the combined effect of heat generated by
microwave curing and hydration temperature on conventional concrete made with ordinary
Portland cement. This lack of knowledge is even greater for concrete repair materials and repair
patches. Concrete repair materials used in practice are usually proprietary commercial formulations
which incorporate various admixtures, cement replacement materials and polymers. These
additives influence the exothermic chemical reactions of hydration which control the properties of
the fresh and hardened mortar. For example, the different types of cement, admixtures and cement
replacement materials used in self compacting concrete can significantly affect both the rate and
magnitude of heat generated under normal curing conditions [13]. The heat of hydration of different
concrete repair materials varies considerably and its combined effect with microwave curing
temperature can lead to very high curing temperatures at early age especially in rapid setting repairs.

Much of the research reported on microwave curing of concrete assumes a uniform distribution
of heat in the test samples [14]. Conclusions are often based on temperatures monitored on the top
surface of an element or internally using thermocouples. The former method of monitoring is
suitable for use on site to provide temperature control to an automated microwave curing system
[15, 16]. The latter temperature monitoring method is possible in laboratory studies [8, 17]. Some
theoretical studies show a decrease in microwave induced temperature as depth of the heated
object increases [18, 19].

This research investigation reports the relationship between test results of internal and surface
temperatures monitored on specimens of concrete repair mortars. The authors have previously
reported on the parameters of microwave curing which affect the strength and other properties of
concrete repair materials [20] including bond between a repair patch and both the substrate
concrete and the steel reinforcement [21, 22]. However, the interaction between microwave curing
and hydration temperatures at early age can have significant effect on the properties and long term
deterioration processes in concrete repair patches [23]. There is a lack of information on the
combined microwave curing and hydration temperatures developed in cementitious materials and
their effect on properties including early age shrinkage, moisture loss and durability of concrete
repairs. The current study investigates the heat of hydration for different proprietary cementitious
repair materials when they are microwave cured to a temperature of 40-45 °C for up to 50 minutes
to ensure that the combined total with early hydration temperature does not exceed 70° C. The
70°C temperature limit is used for early age thermal curing of precast concrete to prevent durability
problems caused by delayed ettringite formation [24]. It is a suitable target to adopt for microwave
cured repair materials until future research provides a more precise limit based on durability studies
of repair patches made with compositions representing proprietary repair materials.

This research paper represents part of a larger research project funded by the European
Commission on microwave curing of concrete patch repairs and on the development of a prototype
system for in-situ microwave curing of concrete patch repairs (FP7 MCure project). The prototype
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has been successfully tested on 1 m x 1 m patch repairs and is being taken to the next stage of
commercial development.

2. Test Programme

Experimental investigations were carried out to determine the temperature development of
microwave cured repair materials. Different repair materials were cast in 100 mm and 150 mm
polystyrene cube moulds and a thermocouple was installed at the centroid of each cube. The
internal temperature at the centroid was monitored during microwave curing and for 24 hours
afterwards. The temperature at the top surface mid-point was also monitored by a thermal camera.
Experimental research procedure of this study is presented in Figure 1.

Taking top surface
temperature during

i LI microwave curing
Preparing i Microwave i
paring 100 mm i ,
mixcs i ﬂllrlll_':'.
cubes Pre-curing for
l 30 minutes P Taking internal
Cast (20°C) - temperature during
asting 150 mm i microwave curing
cubes Normal
curing o Taking internal
< . e el .
Sample preparation : temperature during
. . 24 hours
Curing regime
Evaluation

Figure 1 Experimental procedure.
2.1 Repair Materials

In total six proprietary (commercial) repair materials and a CEM Il mortar (Materials 1 to 7) were
used for this investigation. Summary of their descriptions are presented here, however, a more
detailed description can be found elsewhere [25, 26].

Material 1: Material 1 is a proprietary pre-blended shrinkage-compensated, rapid hardening
cement mortar with pulverised fuel ash. Density of the fresh mix was 2200 kg/m?3.

Material 2: Material 2 is a proprietary polymer-modified cement mortar, fibre-reinforced and
shrinkage-compensated. Density of the fresh mix was 1725 kg/m3.

Material 3: Material 3 is a proprietary pre-blended polymer-modified cement based poured
repair material, fibre-reinforced, shrinkage-compensated mortar. Density of fresh mix was 2250
kg/m3.

Material 4: Material 4 is a proprietary lightweight, low permeability, polymer modified cement
mortar. Density of the fresh mix was 1500 kg/m3.

Material 5: Material 5 is a proprietary polymer-modified, low resistivity, highway agencies class
M patching mortar and render for cathodic protection. Density of the fresh mix was 2200 kg/m?3.

Material 6: Material 6 is a proprietary polymer-modified, fibre reinforced Portland cement based
fast setting repair material. Density of fresh mix was 2150 kg/m3.
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Material 7: Material 7 is a CEM Il mortar prepared with Portland limestone cement (CEM II/A-
L32.5 N) [27] and coarse sharp sand (50% passing a 600 um sieve) in a ratio of 1:2. The mix was
designed with w/c ratio of 0.5 and the plastic density of 2200 kg/m3.

The repair materials were mixed according to the manufacturer's recommendations. These
materials (Materials 1 to 6) are a single-component and they require only the addition of water. The
properties of the repair materials are presented in Table 1. In addition, the chemical composition of
the repair materials was determined by XRF (PANalytical MagiX Pro X-ray Fluorescence) and is
presented in Table 2. A more detailed description of the repair materials can be found elsewhere

[25, 26].

Table 1 Properties of the repair materials.

) . 28 days compressive Adhesive bond De.3n5|ty of
Repair material W/P mix
strength (MPa) (MPa)
(kg/m?)
Material 1 0.13 65 1.5 2200
Material 2 0.14 48 Class R4>2.0 1725
Material 3 0.13 65-70 - 2250
Material 4 0.13 43 1.5 1500
Material 5 0.10 45 >2.0 2200
Material 6 0.14 60 Class R4> 2.0 2150
Material 7 0.50 (w/c) 42 - 2200
Table 2 Chemical composition (%) of repair materials.
Oxide Material Material Material Material Material Material Material
1 2 3 4 5 6 7
Na,O 0.22 0.42 - 0.53 0.30 0.43 -
MgO 0.63 1.50 0.82 0.69 0.70 3.14 0.74
Al;O3 7.32 10.70 10.30 15.50 3.80 9.67 3.70
SiO; 14.66 38.80 57.20 30.80 46.30 31.20 20.60
P20s 0.17 - 0.07 - 0.07 0.08 0.13
SOs3 2.37 2.84 3.37 5.53 2.17 3.13 2.81
K20 1.14 1.25 0.96 1.20 0.88 1.02 1.23
Cao 69.67 41.30 25.20 41.70 43.00 49.00 67.40
TiO, 0.90 0.23 0.21 0.32 0.20 0.20 0.12
Fe20s 2.66 2.73 1.64 3.55 2.37 1.66 3.00
Zn0O 0.06 0.03 0.07 - - - -
SrO 0.06 - 0.03 0.06 0.19 0.05 0.06

2.2 Microwave Curing Regime

Two commercial microwave ovens were used for this investigation. A Logik Model L25MDM13
oven with a maximum output power of 600 W (900 W manufacturer's specification) was used for
curing the 100 mm specimens. A Sharp Model R-2370 with a maximum power of 1300 W
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(manufacturer's specification also 1300 W) was used for curing the 150 mm cube specimens. Both
microwave ovens could be set to generate power at incremental levels of 10% up to 100% of the
maximum output power. The microwave frequency of the ovens was 2.45 GHz. A 10% power level
was used for both microwaves to generate an output power of 60 W and 130 W to microwave cure
100 and 150 mm cube specimens, respectively. The microwave ovens were calibrated according to
BS EN 60705 [28] and ASTM F1317 [29]. Similar approaches for microwave curing in laboratory
based investigations have been adopted by other researchers [30, 31]. The fine control of power
available in the microwave ovens enabled accurate development of pre-determined curing
temperature [20] in a short period of time.

2.3 Preparation of Cube Specimens, Curing and Temperature Monitoring

Polystyrene cube moulds were used to cast specimens of the repair materials with the dual
purpose of enabling curing in the microwave oven and providing insulation during the hydration
period. This enabled the detection of microwave curing and hydration temperature interactions.
While the polystyrene moulds do not provide idealised adiabatic conditions required for heat of
hydration measurement of cements [32, 33], they are suitable to simulate an element within a
repair patch of concrete. 100 mm polystyrene cube moulds (20 mm wall thickness) were used to
prepare two cube specimens for each repair material. A T-type thermocouple was located at the
centroid of each cube by securing it to a wooden stick as shown in Figure 2. The tip of the
thermocouple was positioned at the centroid of the cube, approximately 5 mm away from the stick.
Both ends of the orifices in which the T-type thermocouples were inserted were fixed to avoid water
loss from the orifices. Preliminary tests were conducted to confirm no water loss. A similar method
for monitoring internal temperature of concrete specimens has been used by other researchers [34].

Figure 2 Polystyrene mould with support for T-type thermocouple.

The repair materials were mixed in proportions according to the manufacturers'
recommendations. The cube specimens were cast and compacted by vibration in the laboratory
environment (approximately 20 °C and 60% RH). After 30 minutes from the start of mixing, one of
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the two cube specimens were selected as control and cured in the ambient environment (20 °C, 60%
RH) up to 24 hours from the start of mixing. The second cube specimen of each repair material was
selected for microwave curing at 60 Watts starting 30 minutes from commencing mixing to reach a
target temperature of 40-45 °C.

Flir i7 thermal camera and Data Taker DT85G were used to record the top surface and internal
temperature of the cube specimens respectively. These temperatures were recorded before the
start of microwave curing and then at every 10 minutes interval until the end of microwave curing.
Similar methods of monitoring internal and surface temperatures of concrete specimens have been
used by other researchers [9]. The microwave cured cubes were stored in the laboratory
environment along with the normally cured control specimens. The internal temperatures of both
cubes were continuously recorded up to 24 hours using Data Taker DT85D.

A previous study [20] reported that a different time period of microwave curing is required for
different repair materials to achieve a similar target temperature since each repair material has a
different capacity to absorb microwave energy [20]. The absorption of microwave energy in general
is related to the dielectric properties of each material, temperature of the material, intensity of the
electric field inside the microwave cavity and the constituents of repair materials such as admixtures,
additives and the fineness of powder as well as w/c ratio [35]. However, for the current study, in
order to reach target temperature, the cube specimens were microwave cured between 40 to 50
minutes with the exception of Material 6 which was microwave cured only for 15 minutes. Table 3
shows the microwave curing period and the top surface temperature of all repair materials exposed
to 60 Watts.

In addition, Materials 1 and 7 mixes were also cast in 150 mm polystyrene cube moulds and
exposed to microwave curing at a power of 130 W for 45 minutes. Similar to the 100 mm cubes, the
temperature at the centroid and top surface was measured during microwave curing by a
thermocouple and a thermal camera, respectively. The internal temperature at the centroid was
recorded for 24 hours after casting. These specimens were used to investigate the effect of
specimen size on the heat of hydration.

Table 3 Microwave curing period for cubes of different repair materials.

Repair Cube size Microwave Microwave curing Top surface
Materials (mm) Power (Watts) period (mins) temperature (°C)
Material 1 100 60 50 39.9
Material 2 100 60 40 40.7
Material 3 100 60 40 41.8
Material 4 100 60 40 441
Material 5 100 60 45 41.5
Material 6 100 60 15 40.7
Material 7 100 60 50 42.1
Material 1 150 130 45 43.1
Material 7 150 130 45 43.2
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3. Results and Discussion
3.1 Temperature Increase in Microwave Cured Specimens
3.1.1 Surface and Internal Temperature during Microwave Curing

Figure 3 shows the internal temperature at the centroid and top surface for microwave cured
Material 7. The 150 mm cube specimen was exposed to 130 W of microwave energy for 45 minutes
to reach microwave curing temperature of 43.2 °C at the top surface. The internal temperature
recorded by thermocouples at the centroid of the specimen before the start of microwave heating
(at 0 minutes, Figure 3) is 21 °C. The top surface temperature recorded by the thermal camera is
lower (17 °C), similar to the room temperature. The internal and surface temperatures increase
linearly with curing time, remaining within 10% of each other. Similar temperature profiles were
also observed for the 150 mm cubes of Material 1 during microwave curing. These results indicate
that monitoring the top surface temperature by the thermal camera provides a reasonably accurate
representation of the internal temperature at the centroid. Practical repairs normally have a larger
volume and surface area than the 150 mm cube specimens. Field tests on scaled up repairs also
show that the top surface temperature, monitored by thermal camera, provides reliable
representation of the internal temperature under microwave curing [15].

Analytical simulations done by researchers [18, 19, 36-38] at different depths, mainly in food
products, showed a decrease in microwave power with depth and hence a higher top surface
temperature. Most of these analytical studies assumed a maximum thickness of 20-30 mm which is
much less than the 150 mm cubes discussed here. The simulations exposed the solids on one or two
sides [39] to high power for a few minutes, whereas the concrete cubes were exposed to
microwaves on all faces at low power for 40-50 minutes. The centroid of the cubes represented the
maximum distance (75 mm) from the faces of the cubes which were exposed to microwaves.

50
[ ]
]
S 40 Y
2 . @ Thermal Camera (Microwave cured)
‘_é 30 ®
g 8 Thermocouple (Microwave cured)
b= [ ]
E 20 I A Thermocouple (Normally cured)
A A A
10
0 10 20 30 40 50
Time (min)

Figure 3 Temperature development during microwave curing for Material 7 (150 mm
cube).

3.1.2 Internal Temperature Development during 24 Hours after Microwave Curing

Figures 4(a-g) show the internal temperature profiles (at the centroid of 100 mm cubes) for
normally and microwave cured specimens of all repair materials during 24 hours after commencing
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mixing. Additional small graphs have also been added to the main temperature profiles in order to
show in detail the internal temperature profile over a short period at the end of microwave curing
for materials 2, 4 and 6 (Figures 4b,d,f). The initial linear part of the graphs for microwave curing
(MC) represents the MC period and shows the peak MC temperature for each material (Table 3). All
graphs show that the normally and microwave cured specimens achieved their peak of hydration
temperature after the MC period at different times during the 24 hours due to differences in their
constituents [40, 41].
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Mcrowave Comd 1
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g 0 10 20 30 473 ERay0 80 90 100
300 600 S0 00 00 800 0 300 600 - 00 00 00

c d i

Figure 4 Internal temperature of microwave and normally cured Materials.

Microwave curing impacts the heat of hydration developed after attaining the maximum
microwave curing temperature, as shown in Figures 4, by reaching the subsequent peak
temperature much earlier than the corresponding normally cured specimen for each repair material.
This is due to the acceleration of hydration caused by high temperature [42]. The internal
temperature of all materials continued to rise gently for up to 10 minutes immediately after the end
of microwave curing due to temperature redistribution from the hotter zones, except the fast
setting material 6 (Figure 4f) where the temperature rise was much sharper due to the acceleration
of early hydration temperature caused by microwave heating. The peak heat of hydration almost
merges or is close to the end of microwave curing for some repair materials such as materials 4 and
6 (Figure 4d and Figure 4f) for which the peak heat of hydration temperature occurred at 15-20
minutes after the end of microwave curing and remained constant for about 15 minutes. The
normally cured specimen of repair Material 6 (Figure 4f) had a very similar heat of hydration
temperature profile as the microwave cured specimen due to its high MgO content (Table 2) which
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provides rapid hardening properties [43]. For instance, the hydration temperature of the microwave
cured Material 6 of normal density (2150 kg/m?3) peaked at about 15 minutes after the end of
microwave curing (60 minutes after start of mixing) whereas the hydration temperature of the
corresponding normally cured Material 6 peaked at 80 minutes (Figure 4f) after the start of mixing.
Material 6 is based on rapid setting, rapid hardening Portland cement which emits more heat during
the initial setting time of about 30 minutes. The accelerated heat of hydration under microwave
curing of material 4 may be caused by its relatively high SO3zand Al,Os content [44].

A comparison of the control specimens of materials 1 and 6, which are both based on rapid
setting, rapid hardening Portland cement, shows that material 1 has a more normal heat of
hydration profile due to the presence of fly ash whose pozzolanic reactions delay hydration. The
temperature profile of the control specimen of Material 6 (fast setting repair material) is very similar
to the results reported by Barde et al. [45] for a rapid setting cement based material. However, the
temperature profiles of the microwave cured samples of both materials 1 and 6 are similar since the
pozzolanic reactions of fly ash are accelerated by microwave curing.

The peak heat of hydration also almost merged with the end of microwave curing in materials 2
(Figure 4b) and 4 (Figure 4d) at about 60 and 20 minutes respectively after the end of microwave
curing. The hydration temperature of the corresponding normally cured materials 2 and 4 peaked
at about 610 and 560 minutes after the end of microwave curing. Both 2 and 4 are Portland cement
based polymer modified lightweight materials (density 1725 and 1500 kg/m3), whose heat of
hydration is accelerated by microwave curing.

The normal density Portland cement based repair materials 3, 5 and 7, with and without polymer
modification, reached their peak heat of hydration during the post microwave curing period. This
occurred during the cooling down period after microwave curing of the 100 mm cube specimens,
although for material 7 in Figure 4g the peak position is not distinct due to the small size of test
specimens. This becomes clear in Figure 5 where the corresponding data of the 150 mm cube
specimens show that the temperature continued to rise due to heat of hydration after the end of
microwave curing. It reached a maximum of 73.1 °C at 165 minutes after the start of microwave
curing. The microwave cured Material 5 shows a peak temperature (Figure 4e) of 32.5 °C at
approximately 800 minutes after the start of mixing. The normally cured sample of Material 5 also
reached the maximum heat of hydration temperature of 32.3 °C at approximately 1350 minutes
after the start of mixing. The longer dormant periods of both normally cured materials 3 and 5 are
due to admixtures used in them whereas material 7 is admixture-free and has a very short dormant
period [46]. The length of these dormant periods has a significant effect on the hydration
temperature profiles under microwave curing as discussed in section 3.2.2.
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Figure 5 Internal temperature of microwave and normally cured Material 7 for 100 and
150 mm cubes.

Figures 4b, 4d and 4g show that the normally cured repair materials 2, 4 and 7 have a short
dormant period (200 to 300 minutes) before the hydration temperature starts rising. This relates to
the peak hydration temperature of the corresponding microwave cured specimens occurring soon
after the end of microwave curing. On the other hand, normally cured materials 1, 3 and 5 in Figures
43, 4c and 4e show a long dormant period (600 to 900 minutes) before hydration temperature rises.
In these cases, the peak hydration temperature of the corresponding microwave cured specimens
takes longer. It occurs during the cooling down period after microwave curing in the 100 mm cube
specimens but in larger volume repairs (e.g. 150 mm cubes) in Figures 5 and 6 it continues to rise
until the peak hydration temperature is reached and then starts falling. The longer dormant periods
in Figures 4a, 4c and 4e reflect the composition of the normal density repair materials 1, 3 and 5
where cement replacement materials and admixtures have prolonged the dormant period. Material
1 contains pfa while Materials 3 and 5 are polymer modified, both additives delay the setting time
and early hydration [46].

The results presented here are in agreement with other researchers who investigated the effect
of temperature on heat of hydration [2, 47] of different cements cured at elevated temperature
with conventional heat. For example, Hill et al. [47] reported the peak heat evolved and the time it
occurs for OPC hydrated at various temperatures (20, 40 and 90 °C) by means of isothermal
conduction calorimetry. They reported that increasing curing temperature results in a higher heat
of hydration peak which occurs earlier. For example, OPC hydrated at 20 °C shows a peak of heat
above 3.5 W/kg after about 12 hours. The corresponding peak of heat is 11 W/kg after about 5 hours
for OPC cured at 40 °C. However, under conventional thermal curing used by the researchers [2, 47],
heat was applied throughout the experiment (approximately 24 hours) to keep the elevated curing
temperature constant whereas microwave heating in this investigation was applied only for a short
time (up to 50 minutes). For example, normally cured Material 7 (CEM Il mortar), shows a maximum
internal temperature of 26.7 °C at 630 minutes (10.5 h) after casting. The corresponding
temperature for microwave cured CEM Il mortar is 55.4 °C at 90 minutes (1.5 h) after casting. This
is a significant result which indicates that even a short period of microwave heating at early age can
have a similar effect as a much longer period of continuous heating [44] on the peak heat of
hydration and the time it occurs.
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The temperature profiles in Figure 4 show that all repair materials attain a significantly higher
maximum temperature than the microwave curing temperatures, given in Table 3 (39.9 - 44.1 °C),
reached at the end of the linear part of the graph. These values range between 51 to 70 °C. It is clear
that the heat of hydration will have a significant effect on the temperature of early age repairs which
in practice will have a much larger volume and surface area than the small cube specimens. The
heat of hydration increases with increasing volume of concrete [48] while the higher surface area
of repairs will help in controlling it. This is likely to impact long term durability due to delayed
ettringite formation and early shrinkage cracking. Therefore, the permissible microwave curing
temperature should consider this cumulative effect of the hydration temperature by adopting the
following equation [20] to prevent curing temperature exceeding 70 °C:

70

T,,+ AT, < — (D
Yr

ATy =Ty —Tp (2)

where, as shown in Figure 6, T, is the permissible temperature at the end of microwave curing (°C);
Tx is the peak heat of hydration temperature of unhardened concrete (°C); yris the factor of safety
accounting for microwave curing temperature variations (hot spots).
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Figure 6 Internal temperature of microwave and normally cured Material 1 for 100 and
150 mm cubes.

3.2 Influence of Volume on the Heat of Hydration
3.2.1 Normally Cured Specimens

A comparison between the 100 mm and 150 mm normally cured cube specimens of volume 1
and 3.4 litres, respectively, shows that increasing the size of the specimen results in more heat of
hydration. For example, the 100 mm cube of material 7 achieves the peak heat of hydration
temperature of 26.7 °C (Figure 5). The corresponding result for the 150 mm cube specimen was
37.8 °C (Figure 5). The trend is similar for Material 1 with the 100 mm cube showing a peak
temperature of 24.9 °C (Figure 6) compared with 45.1 °C (Figure 6) for the 150 mm cube. This is in
agreement with the results reported by Lee et al. [48] from adiabatic tests on OPC concrete cylinders
of 6,30 and 50 litre volumes. Their results showed that the higher volume results in higher adiabatic
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temperature rise, achieving a temperature rise of below 50 °C for a 6 litre volume and 60 °C for a 30
litre volume.

The effect of volume on the heat of hydration is well documented and it is an important issue
when considering a mass concrete application. However, in the case of patch repairs the
volume/surface ratios are small since repair patches have a low thickness and relatively large
surface area. Consequently, heat of hydration is unlikely to be a problem under normal curing but
needs to be addressed under microwave curing since the maximum temperature could exceed the
durability limit of about 70 °C [20].

3.2.2 Microwave Cured Specimens

The temperature rise after microwave curing of the 100 mm and 150 mm cubes of Materials 1
and 7 is shown in Figures 5 and 6. The internal temperature at the centroid of the cubes is recorded
in these figures. Figure 5 shows that at about 10 minutes after the end of microwave curing the
temperature of the 100 mm cube of Material 7 starts falling steadily without showing any significant
uplift due to the heat of hydration. This is due to the small size (volume) of the cube which does not
allow sufficient build-up of the heat of hydration. However, Figure 5 shows that the corresponding
temperature for the 150 mm cube continued to rise after the end of microwave curing to reach a
maximum value of 73.1 °C after 165 minutes from the start of microwave curing. This is more
representative of practical repair patches which have a relatively large volume. The corresponding
results for the Material 1 in Figure 6 show a similar trend with the peak heat of hydration
temperature of 58.2 and 78.2 °C occurring at 55 and 245 minutes for the 100 and 150 mm cubes
respectively. A comparison between the time of peak hydration temperature reached by the
normally and microwave cured specimens shows the acceleration of hydration by microwave curing.
The peak times are 550 (normally cured) and 60 (microwave cured) minutes respectively for 100
mm cubes compared with 754 (normally cured) and 165 (microwave cured) minutes for 150 mm
cubes.

The hydration profile of the normally cured material 1 in Figures 6 shows a long dormant period
followed by a sharp rise in the heat of hydration of the 150mm cube. The dip in the rate of
temperature increase for a short period immediately after the end of microwave curing for the
150mm cube of material 1 in Figures 6 is due to the long dormant period of the normally cured
150mm cube. This dip is shortly followed by a sharp increase in the rate of temperature rise in the
microwave cured cube which reflects the sharp rise in the heat of hydration after the long dormant
period of the corresponding normally cured 150 mm cube of material 1. The dormant period for the
normally cured material 7 (Figure 5) is significantly shorter and results in providing a steady rate of
temperature rise (without a dip) beyond the end of microwave curing for the corresponding 150mm
cube of material 7.

Considering the 150 mm cube data in Figure 6, the difference between the peak hydration
temperature Th and the temperature at the end of microwave curing Tr, gives a measure of the
temperature provided by heat of hydration under microwave curing, AT. This is compared with the
heat of hydration temperature of the normally cured samples which is given by the difference
between the peak hydration temperature Th and Tgatum (laboratory temperature of 17.6 °C). In the
case of material 1, the value of Th - T = 34 °C whereas for the normally cured sample Th - Tgatum =
22.5 °C. Similarly, for material 7, Th- Tm = 26.2 °C whereas Th - Tdatum = 19.5 °C. These results show
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the significant increase caused by microwave heating in the hydration temperature of the repair
materials. Similarly, Escalante-Garcia and Sharp [2] showed that higher curing temperature of OPC
accelerates hydration and results in higher heat evolution.

The heat of hydration contributes significantly to the total temperature developed at early age
by the microwave cured repair materials. Its implications on the long term durability can be serious.
Many researchers have focussed on microwave curing to develop high strength of concrete at early
age. Microwave curing temperatures in the range 60 to 80 °C have been used by the researchers [8,
9, 49] without considering the cumulative effect of heat of hydration on the peak temperature and
its impact on durability. This impact is likely to be more significant when microwave curing is used
under normal ambient temperatures than under cold weather conditions. Recent research has
shown much greater benefit of microwave curing in cold weather conditions [21].

4. Conclusions

The conclusions pertain to proprietary concrete repair materials microwave cured to a surface
temperature of about 40 °C for 40-45 minutes (except the fast setting material 6 which was cured
for 15 minutes). The tests reported in this paper represent semi-adiabatic conditions of hydration
of small volumes (100 and 150 mm cubes) of repair mortars cast in insulated polystyrene moulds.

A short period of early age microwave curing results in an increase in the hydration temperature
and brings forward the peak heat of hydration time relative to the control specimens which are
continuously exposed to ambient conditions (20 °C, 60% RH).

The peak heat of hydration of normal density (about 2200 kg/m?3) rapid hardening Portland
cement based repair materials with either pfa or polymer addition almost merges with the end of
microwave curing period. Similarly, lightweight (density 1500-1700 kg/m?3) cement based polymer
modified repair materials also develop heat of hydration rapidly which almost merges with the end
of microwave curing period.

The peak heat of hydration of normal density ordinary Portland cement based repair materials,
with and without polymer addition, occurs during the post microwave curing period.

The short period of early age microwave curing also increases the peak hydration temperature.
The sum of the microwave curing temperature and the subsequent heat of hydration temperature
can easily exceed the limit of about 70 °C early age curing temperature beyond which durability
problems such as delayed ettringite formation and cracking can become inherent. Limits to the
maximum microwave curing temperature are required to prevent this problem, which will depend
on the cementitious binder composition. The maximum microwave curing temperature was limited
to about 40 °C for this study.
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