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ABSTRACT

When preparing cold-weather concrete, inadequate curing may reduce early
strength development and its durability. In this study, we aimed to develop an energy-
saving heat-curing system by using a hydronic heater to solve some problems in
existing heat-curing systems and to improve the quality of a concrete structure in cold
climates. Experiments on mortar specimens in a low-temperature environment and two-
dimensional temperature analysis were conducted to determine the manner in which
the installation of a heating hose affected the temperature distribution in concrete. The
change in temperature distribution in the concrete specimens was analyzed by
factoring in installation intervals, temperature settings of the heating hose, and curing of
the heat-insulating sheet.

1. INTRODUCTION

Inadequate curing has been known to reduce early strength development and
durability concrete prepared for cold climates [1, 2]. In general, a temporary enclosure
and a heat-insulating waterproof sheet are installed around the concrete structure, and
a portable direct-fired air heater, as shown in Fig. 1, is primarily used for heat curing.
However, it has been reported that the thermal efficiency is low, temperature control in
the temporary enclosure is difficult, and the generation of combustion gas negatively
affects the early strength development and durability of concrete [3]. Therefore, it is
necessary to employ an adequate curing method to ensure the quality of a concrete
structure in cold-weather concreting conditions [4]. In this study, we aimed to develop
an energy-saving heat-curing system by using a hydronic heater to solve the
aforementioned problems in existing heat-curing systems and to improve the quality of
a concrete structure in cold-weather concreting.
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A conceptual diagram of an energy-saving heat-curing system is shown in Fig. 2.
A hydronic heater is a heating system that transfers heat by circulating fluid in a closed
system of hoses. A properly designed portable hydronic heater for construction site
heating is self-contained and easily transported. An antifreeze—water solution is
heated and pumped through flexible tubing, usually a set of rubber hoses, forming

closed circulation loops. Temperature control is carried out through an adjustable
thermostat [3].
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Fig. 2 Energy-saving heat-curing system
2. EXPERIMENT SUMMARY

2.1 Experimental Condition
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The experiment on the mortar specimen, shown in Fig. 3, was conducted in a low-
temperature environment (10 £ 1°C) to determine the manner in which the installation
of a heating hose affects the change in temperature distribution in the concrete. The
size of the mortar specimen was 150 x 150 x 550 mm. A heating hose was installed in
the central part of the specimen surface and a heat insulation sheet was covered on
the heating hose and surface to improve the thermal efficiency, as shown in Fig. 4. A
specimen without a curing sheet was also prepared for comparison. The temperature of
circulation water in the hose was 55 °C and the test was performed at 10 + 1 °C and 60
+ 5 % relative humidity for 2 days.
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Fig. 3 Mortar specimen.
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Fig. 4 Conceptioiagram " analysis model and the examination body.
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2.2 Materials

Normal Portland cement was used, and No. 5 silica sand was used as a fine
aggregate. Experiments were conducted using cement mortar to exclude the effect of
coarse aggregates on the temperature measurements. The water-to-cement ratio was
50%. The mass ratio of the fine aggregates to the cement was 3. After casting, the test
surfaces of the specimens were covered with a thin vinyl sheet to protect the mortar by
sealed curing. The specimens were cured at 20 £ 1 °C for 28 days and then the tests
were performed in a temperature- and humidity-controlled testing room (10 + 1 °C and
85% + 5% relative humidity). The of hydration on the temperature distribution was not
taken into consideration in this study.

3. ANALYSIS SUMMARY

Two-dimensional temperature analysis was conducted with the same parameters
and size of the mortar specimen as those used in the experiments, and the validity of
the analysis was confirmed upon comparison with the experimental results. A diagram
of the analysis model is shown in Fig. 4. The analysis was performed using
"Electromagnetic field analysis software" and the boundary conditions of the analysis
set according to "Standard Specification for Concrete Structures" provided by the
Japan Society of Civil Engineering. The physical properties and boundary conditions of
materials used are shown in Table 1.

After checking the validity of the analysis method, sensitivity analysis was
conducted for various installation intervals, temperature settings of the heating hose,
and curing conditions, as shown in Fig. 5. The target surface temperature of the mortar
specimen was 20 + 1 °C, which were based on JSCE standard specifications for
concrete structures and JASS 5 [2, 6]. In addition, the target value of the bottom
position of the specimen is more than 80% of 20 °C. Three different installation
intervals of heating hose (200, 300, and 400 mm) and three different temperatures for
the circulation water in the heating hose (40, 50, and 60 °C ) were chosen to confirm
the resulting changes in temperature distribution of the specimens. The analysis was
performed at 10 £ 1 °C for 7 days.

In the analysis, the heat insulation sheet not only covered not the specimen
surface (including the heating hose) but also the surface of the mold to improve the
thermal efficiency. A plywood and a curing sheet were also installed between the
heating hose and mortar surface to suppress generation of cracks by drying shrinkage
according to "Recommendation for practice of cold weather concreting” by the
Architectural Institute of Japan.
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Table 1 Physical properties and boundary conditions of materials used in the study.

Materials Thermal Thermal Specific Density:
conductivity: capacity: heat: o (kg/m®)
A (W/mKk) C (I/Im3k) ¢ (J/kgk)
Concrete? 2.6 2.520 x 10° 1.05 x 103 2400
Heating hose 0.15 2.280 x 10° 1.90 x 10° 1200
Plywood + sheet” 0.61 4.160 x 10° | 4.18 x 10° 997
Heat-insulation sheet® | 0.01623 1.820 x 10* 7.60 x 102 24
Air 0.0241 1.301 x 10° 1.01 x 103 1
Wooden mold 0.16 7.90 x 10° 1.30 x 10° 608

Outside air temperature:10 °C
Heating hose
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Fig. 5 Conception diagram of installation intervals for the heating hose.
4. RESULTS AND CONSIDERATION

4.1 Experimental results

The changes in temperature distribution of mortar specimens are shown in Figs. 6
and 7. When the temperature of the circulation water in the heating hose was 55 °C,
the experimental values were compared with the analytical values. The experimental
results confirmed that the heat source of the heating hose installed on the specimen
surface was transmitted to the bottom of the specimen. The change in temperature
became very small after about half a day and showed a constant value after that. The
temperature of the specimen with the heating-insulation sheet was about 3 °C higher
than that of the specimen without it. Therefore, it is thought that the heat-insulation
sheet played an important role in the temperature control of mortar specimens in the
effective transmittance of heat from the heating hose to the concrete. In addition,
regardless of whether a heating insulation sheet was used, the analysis results were in
general agreement with the experimental values, thus validating the method of analysis.
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Table 2 Analysis results on the 7th day
by setting the temperature and installation interval of the heating hose.

Installation interval 200 300 400
(mm)

Inside t?!g';’erat“re 40 | 50 | 60 | 40 | 50 | 60 | 40 | 50 | 60
Top A 17.7| 211 | 23.0 | 17.1 | 19.4 | 21.8 | 17.1 | 19.4 | 21.8
Top D 16.2]19.2 203 | 15.1 | 16.8 | 18.6 | 14.6 | 16.2 | 17.7
Bottom C 15.1|17.6 | 18.4 | 14.6 | 16.1 | 17.6 | 145 | 15.9 | 17.4
Bottom F 15.3| 173|188 | 146 | 16.2 | 17.7 | 143 | 15.7 | 17.1

4.2 Analysis results

The temperature changes predicted by our analysis are shown in Fig. 8. In every
case, the temperature changes became small on about second day after the start of
the analysis before an almost constant value was reached.

The temperature distribution in the mortar specimen on the 7th day, obtained by
the analysis, are shown in Table 2. When the circulation water in the hose was 60 °C,
the temperature at the top of the mortar specimen became 20 °C or higher regardless
of the installation interval of the heating hose. In this case, there was concern regarding
the occurrence of cracks from drying shrinkage on the mortar specimen’s surface.
When the circulation water in the hose was 40 °C, the concrete temperature at the
bottom of the mortar specimen became lower than 16 °C, which was the target value at
the bottom position of the specimen in this analysis, regardless of the installation
interval of heating hose. On the other hand, when the circulation water in the hose was
50 °C and the installation interval was 300 or 400mm, the temperatures at the top and
bottom of the specimens satisfied the target value.

In this analysis range, a temperature of 50 °C for the circulation water in the hose
of and an installation interval of 300-400 mm are recommended for economic
efficiency and workability to realize more adequate curing in cold-weather concreting.

5. CONCLUSIONS

The aim of this study is to clarify the temperature distribution in concrete with an
energy-saving heat-curing system that utilized a hydronic heater in a low-temperature
environment. Experiments using mortar specimens were performed, and a two-
dimensional temperature analysis was conducted with the same parameters as those
in the experiments. Furthermore, after checking the validity of the method of analysis,
sensitivity analysis was conducted for various installation intervals and temperature
settings of the heating hose. The following conclusions can be drawn from the
investigation:

(1) The experimental results confirmed that the heat source of the heating hose
installed on the specimen surface was transmitted to the bottom of the specimen. In
addition, the results were roughly in agreement with the results of the two-
dimensional temperature analysis with the same parameters.
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(2) The change in temperature became very small after about half a day and the
temperature reached a constant value after that.

(3) In this analysis range, a temperature of 50 °C for the circulation water in the hose
and an installation interval of 300-400 mm are recommended for economic
efficiency and workability to realize more adequate curing in cold-weather concreting.
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