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Abstract. The paper presents the study on the effect of heating wire pitch on the strength of
concrete in cast-in-place thin-walled wall structure when heated with the use of heating wire in
the mold made of 40 mm thick wood depending on the wind speed and outdoor air temperature
using ELCUT software. The conclusions include recommendations on cold weather concreting
of a cast-in-place reinforced concrete wall with the surface modulus Sy, = 10.

1. Introduction

Concrete is an inherent element of modern construction. It is one of the most widespread materials which
largely defined the level of development of our civilization. At the same time, concrete is a complex
artificial composite material that may have completely unique properties. Strength is the key parameter
that ensures quality of concrete structures and constructions. Development of strength occurs due to
hydration, i.e. interaction between cement and water. Such chemical reaction requires conditions close
to normal ones.

Considering the geography of Russia, especially location of oil and gas producing regions, specific
methods shall be used for creating and keeping the required temperature in the concrete body for it to
reach the ultimate strength, as freezing early age concrete has negative effect on its strength
characteristics. At negative temperatures, water transits into solid state and hydration reaction stops.
Internal pressure forces simultaneously occur in concrete due to water volume increase during
solidification. At early stage, immature concrete structure is unable to withstand these forces. When
thawing the hydration process resumes, however strength characteristics irreversibly decrease.

The science progresses and there are multiple methods (both heating and non-heating ones) of cold
weather concrete production [1-4]. According to the standard regulations SP 70.13330.2012 “Load-
bearing and separating constructions” the most economically viable curing method for cold weather
concreting of cast-in-place structures is selected depending on the type of structure (surface modulus)
and outdoor air temperature.

2. Experiment
The paper presents the study on the effect of heating wire pitch (HWP = 100, 150, and 200 mm) on the
strength of concrete mixture in cast-in-place structure under various conditions: wind speed (v=0, 1, 5,
10, and 15 m/s; convective heat transfer coefficient of the environment ao.= 3.78; 6.87; 18.14; 28.58
and 37.29 W/(m?K), respectively) and outdoor air temperature (t,a = — 5, — 15, — 25, and — 35 °C).

The structure under study was a wall sized 0.2x3.0x6.0 m. Surface modulus Sm= 10, id est it is a
thin-walled structure with minor exothermic processes that were neglected in this study.

Table 1 presents the mold type used in the calculations.
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Table 1. Mold parameters.

Heat transfer resistance coefficient
Layer

Mold . : (W/ m?°C)
type Material th|<;TI1<rrT1]ess, Wind speed, m/s
0 5 15
I Board 40 2.03 3.6 3.94

Three design models (DM) with finite element meshes (FEM) with different heating wire pitch
(HWP =100, 150, and 200 mm) were built within the research. The pitch was defined as a set of peaks
at the depth of 30 mm with heat production capacity of g = 35 W/m. Heat losses occur through the mold
side surfaces. B30 concrete with initial temperature of concrete mixture t.n = 10 °C was used.

The value aoc.can be calculated with the help of Frank’s equation (1):

0y = 6.31v%656 + 3,78~ 191V, (1)
wherev is wind speed, m/s; e = 2.718 is the base of the natural logarithms.
The first term of equation (1) considers forced convection, and the second term refers to natural
convection. Figure 1 presents DM No. 2 with FEM that has 3 blocks and 7,649 nodes.

Figure 1. DM No. 2 with FEM (mold type 1I, HWP 150 mm).

Thermophysical properties of the mold were taken from the software reference book.

Table 2. Thermophysical properties of materials.

Material Thermal conductivity  Specific heat capacity Density
(W/m-K) (J/Kkg) (kg/m?)
Metal 58 470 7.850
Concrete 2.07 1.050 2.500
Pine 0.18 2.300 500

Heating parameters and time (3 days) were selected. Then follows task solving which can be called
a “rapid calculation”. Such calculation is done using ELCUT software. The interval of solution is
selected by the user. In this research the interval was set for 2 hours. The used software complex
produces task solution with the account of heat capacity and thermal conductivity of all materials of the
structure in the design scheme with regard to space and time. Convective heat exchange with the
environment is also taken into account.

3. Results

Figure 2 demonstrates dependency graphs of the impact of heating wire pitch on the concrete body
temperature of the thin-walled wall structure (t;) under various environmental conditions. Figure 2 also
contains initial temperature of concrete mixture and the limits of heating temperature specified in the
construction standard SP 70.13330.2012.

It is clear from Figure 2 that heating wire pitch is the key parameter having the most effect on the
body temperature of the concrete structure. After studying one of the cases at constant wind speed v =15
m/s and outdoor air temperature t,. = — 25 °C it was found that the concrete body temperature decreases
by 44.14 % as the heating wire pitch grows from 100 mm to 150 mm, and by 73.5 % with HWP increase
from 100 mm to 200 mm.

While studying the case of HWP =50 mm the concrete body temperatures exceeding those specified
by SP 70.13330.2012 were observed.



PFSD-2019 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 597 (2019) 012035 doi:10.1088/1757-899X/597/1/012035

)

o =
o o

\
ARANY

N
A
MY

\Y

(=)
o

Concrete mix temperature (), °C.

—_
=1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
Heat Tracing Time (), h.

=3

= N}
o o

e ol
g
d
5

(TR
o o

[ =]
(=}

Concrete mix temperature (£), °C.
L
(=]

—
=1

o

0 2 4 6 & 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
Heat Tracing Time (), h.

el
=]

2]
=]

]
=]

=)
=]

P
o

[3%]
=]

HMHB—*HHHH

=
m g = |

P ol
H
.
i i)
fu o]
&

i

[
=1

Concrete mix temperature (), °C.
L
(=]

H
o o
—

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72
Heat Tracing Time (f), h.

Figure 2. Dependency graph of the impact of heating wire pitch on the concrete body temperature
of the thin-walled wall structure (tc) at various values of outdoor air temperature and wind speed
v= 5 m/s subjected to electric heating for the period from 0 to 72 hours:

a—HWP =100 mm; b — HWP = 150 mm; ¢ — HWP = 200 mm;

x——5°C;0-—15°C; A——-25°C; 0 ——35°C;

— — temperature limit up to + 80 °C specified by SP 70.13330.2012;

— — initial temperature of concrete mixture t.i= 10 °C.
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With HWP = 100 mm, according to Figure 2 electric heating at wind speed v = 5 m/s is only admitted
for the outdoor air temperature no lower than — 15 °C. When the environment temperature goes down
from — 25 to — 35 °C the concrete body temperature decreases by 12.9 %.

The most appropriate is HWP = 150 mm, as no overheating or low positive temperatures are observed
during electric heating of the wall structure. In this case, when the outdoor air temperature drops from
— 510 - 35 °C the concrete body temperature decreases by 47.2 %.

With the increase of HWP up to 200 mm electric heating with the wind speed of v = 5 m/s is only
recommended at outdoor air temperature higher than — 25 °C. Otherwise, too low positive concrete
temperature is observed, which requires huge amount of additional electric power and heating time for
concrete to develop 70 % of R28 strength.

Table 3 gives the average concrete temperature (tcav) values within the whole electric heating
exposure period depending on the air velocity, outdoor air temperature and heating wire pitch.

Table 3. Average concrete temperature (tcav.) in the structure.

HWP 14 toa tcav. HWP v toa teav. HWP v toa tcav.
(mm) | (mis) | (°C) | (°C) [ (mm) | (m/s) | (°C) | (°C) | (mm) | (m/s) | (°C) | (°C)
5 E 5 E “5  47.30
o | -15 E o | 15 E o | -15 42.39
- 25 E -25 5268 225 37.20
- 35 E 35  47.65 .35 32.15
_5 E 5 5435 5 40.68
1 _15 E . | -15 485 L | -15 3481
- 25 E _25  42.66 25  28.96
- 35 E -35  36.79 235 23.10
-5 E 5 457 5 33.88
100 . _15 E 101 o | -15 3905| 20 | . | .15 27.26
25 5562 S25 32,44 25 20.63
35 48.99 .35  25.83 .35  13.98
-5 E 5 4341 -5 32.09
10 | -15 5801 10 | -15 3658 10 | -15 2528
.25  51.95 -25  29.76 .25  18.46
.35 4511 235 22.93 .35  11.63
-5 E 5 42.42 -5 31.33
55 | -15 573 15 | -15 3552 15 | -15 2444
.25 504 .25 2863 .25 1754
35 43,49 235 21.73 .35  10.63

In Table 3, the letter “E” means that the concrete temperature tc. in the body of thin-walled cast-in-
place wall exceeds +80 °C.

Concrete strength in percentage of R28 was defined from the concrete body temperature during the
whole period of exposure to electric heating (72 hours) on the basis of strength development graphs
from MDS 12-48.2009 “Cold weather concreting with the use of heating wires”. For B30 (M400)
concrete design compressive strength is 38.35 MPa according to the standard document GOST 26633-
2015 “Heavy-weight and sand concretes. Specifications”.

The research outcomes are presented in Table 4 using which is convenient for defining strength
depending on the heating wire pitch (HWP = 100, 150, and 200 mm), outdoor air temperature (toa = —
5, 15, 25, and 35 °C) and wind speed (v =0, 1, 5, 10, and 15 m/s) after 3 days’ exposure to electric
heating.

Strength for intermediate wind speed values can be obtained by using interpolation.
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Table 4. Concrete strength in thin-walled wall structure depending on temperature,
wind speed and heating wire pitch.

HWP v toa | tew | HWP | v | toa | teaw | HWP | v | toa | tea
(mm) | (m/fs) | (°C) | (°C) | (mm) | (m/s) | (°C) | (°C) | (mm) | (m/s) | (°C) | (°C)
5 E 5 | E 5 | 684

o | -15 ] E o 15| E o | -15 | 654

25 | E 25 | 72.2 -25 | 620

35 | E 35 | 68.6 35 | 585

5 E 5 | 735 5 | 644

. 15 E . [-15 [e91 . [ -15 [ 604

25 | E 25 | 656 -25 | 56.3

35 | E 35 | 618 235 | 522

5 E 5 | 674 5 | 59.7

100 . 15 E 10 1 . 15 [e33] 200 | . [-15 551
225 | 745 25 | 587 -25 | 504

235 | 69.4 35 | 54.1 235 | 45.1

5 E 5 | 66.1 "5 | 585

10 | -15 [77.13 10 | -15 | 616 10 | -15 [ 537

25 | 716 25 | 568 25 | 488

35 | 67.1 35 | 514 235 | 433

5 E 5 | 655 5 | 57.9

15 | -15 | 758 15 | -15 | 609 15 | 15 [ 531

25 | 703 25 | 56.0 25 | 48.0

735 | 66.1 35 | 51.2 235 | 425

4. Conclusion

Mold of 40 mm thick wood is very susceptible to external effects of the environment, especially to wind
speed. At constant outdoor air temperature to. = — 25 °C and HWP = 150 mm and with the the increase
of wind speed v from 0 to 15 m/s the concrete body temperature drops by 54.3 %.

In isolated cases 70 % of R28 strength is developed after 3 days of electric heating (Table 4),
otherwise, additional time is required, which causes extra energy costs. Based on this one may conclude
that this type of mold shows little efficiency.

Using the obtained research outcomes the following recommendations on concreting cast-in-place
thin-walled wall structure in 40 mm thick wooden mold are developed:

- HWT =50 mm are not recommended for use.

- HWT = 100 mm should be used in open and well ventilated plots or objects with wind speed higher
than 1 m/s and outdoor air temperature lower than — 15 °C.

- HWP = 150 mm is recommeded to use for all the studied wind speed (v=0, 1, 5, 10, and 15 m/s) and
outdoor air temperature (to.a = — 5, — 15, — 25, and — 35 °C) values. However, it should be mentioned
that 3 days of exposure to electric heating will not suffice for developing 70 % of R28 strength.

- With HWP = 200 mm electric heating shows lower efficiency. It is recommended for use in closed or
poorly ventilated premises with wind speed less than 5 m/s and outdoor temperature higher than — 25
°C. For other environment-related parameters low electric heating temperature is observed. In all cases,
additional time of electric heating is required for concrete to develop 70 % of R28 strength.

- With HWP = 100, 150, and 200 mm development of ultimate concrete strength of 30% of R28 is
provided in all cases.

- HWP =250 mm is not recommended for use because of low electric heating temperature, and in cases
of high wind speed and low temperature the concrete body temperature decreases to 0 °C and lower.
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