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Abstract — The article presents the results of studies of the influence of ambient temperature on the modes of heat and moisture treatment
of concrete. The method of assignment of modes of heat and moisture treatment of concrete, taking into account the temperature of the
hot climate, is proposed.
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I. INTRODUCTION

The Republic of Uzbekistan has adopted a number of key decrees aimed at increasing energy efficiency in the economic and
social sectors, introducing energy efficient and energy saving technologies, further developing renewable energy, and ensuring the
rational use of energy resources.

The precast concrete industry is one of the largest energy consumers among other sectors of the national economy.
At present, heat treatment is an integral and at the same time the longest process in the production of precast concrete.

Despite some success, heat and moisture treatment has been and remains the longest technological redistribution of precast
concrete production, taking 80-90% of the total time required for the manufacture of products.

Currently, over 90% of factory production is subjected to steaming, and more than half of the total volume is produced according
to the aggregate flow technology with heat treatment in pit steaming chambers.

The main advantage of steam heating is the ability to provide favorable moisture conditions for concrete hardening, when the
steam is in direct contact with the unformulated surface of the products. The widespread use of steam heating in the production of
prefabricated reinforced concrete in our country and abroad is explained not so much by the advantages of the method as by its
thorough study and great practical experience.

To accelerate the hardening of concrete in prefabricated structures, steam heat treatment has been used since the beginning of
the last century.

Numerous studies have been and are being carried out on this issue, and the method is well described in a number of works by
SA Mironov, LA Malinina and BA Krylov [1,2,3, 18].

Depending on the adopted manufacturing technology, the conditions for heat treatment of products change: the concrete is
heated either through the metal of the mold, or through direct contact of the product with the coolant. In this regard, the question
arose about the processing of optimal steaming modes in relation to specific production conditions. Since the mid-50s of the last
century to this day, large studies have been and are being carried out on the effect of elevated hardening temperatures on the phase
composition, the structure of new formations, the degree of hydration of the binder, and the exotherm of cement.

The international conference RILEM, held in 1964 in Moscow, made a great contribution to the problem. There were made a
number of reports on the choice of cement for heat treatment [4, 5], the processes of hydration of Portland cement during heat and
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moisture treatment [6, 7, 8], reduction of concrete hardening time [9, 10, 20], temperature gradients in concrete exposed to steaming
[19] hardening of concrete in the conditions of Central Asia [11].

In a hot climate, the high temperature of the outside air (30... .35 —~0C) is observed 6... 7 months a year. Under such conditions,
the temperature of the concrete mixture at the moment of molding reaches 25 ... 30 © C. However, at present, these factors are not
taken into account when setting the modes of heat and moisture treatment of concrete, as a result, the duration of heat and moisture
treatment and energy consumption at enterprises in the southern and northern regions remain the same.

In order to study the influence of the initial temperature of the concrete mixture and the ambient temperature on the modes of
heat and moisture treatment of concrete, we carried out a number of studies.

II. METHOD

Portland cement (Rts = 40.8 MPa, Ssp = 3357 cm2 / g) and slag Portland cement (Rts = 33.8 MPa, Ssp = 2593 cm2 / g) were
used as binder. The filler was granite crushed stone with a maximum size of 20 mm and quartz sand with Mk = 1.88. The
composition of concrete on Portland cement 1: 2.69: 4.58, on slag Portland cement 1: 2.37: 4.1. The experiments were carried out
in a climatic chamber. The initial temperature of the concrete mixture was taken equal to 15..20, 20 ... 25 and 25 ... 30 0C. A
concrete mixture with a temperature of 20 ... 30 ° C was prepared with heated water. However, after several tests, a slight decrease
in concrete temperature was observed during preliminary curing. It turned out that at the time of preparation, only the mortar part
of the concrete was heated. The coarse aggregate warmed up slowly, absorbing heat during the pre-holding, causing the temperature
to drop. Considering this, in the future, the large aggregate and the metal mold were heated up to 30 ... 35 ° C.

Then the concrete mixture was quickly placed in a mold, compacted by vibration and placed in a climatic chamber. The
temperature of the freshly made concrete mixture was measured with a laboratory thermometer and an ETP-M device. Chromel-
Copel thermocouples were installed at characteristic points of the sample. The samples were kept for 2 hours at a temperature of 25
... 35 ° C (depending on the initial temperature of the concrete mixture) and a relative humidity of 45 ... 50%. After preliminary
holding, the samples were steamed in the same chamber.

The temperature rise for all series of experiments was 3 h at an average rate of 200C / h, the duration of isothermal heating for
concrete on Portland cement-2; 4; 6, and on slag Portland cement-4; 6; 8 hours. The concrete was cooled for 4 hours at an average
rate 100C / h using a fan or kept for 6 h with an open control gate of the ventilation duct. The maximum temperature of isothermal
heating of concrete samples on Portland cement-80, on slag Portland cement-90 0C.

A KSP-4 device was used to measure and record the temperature in the chamber and in the sample sections. The control and
regulation of the temperature in the chamber was carried out automatically by the PRTE-2M software controller. In all experiments,
the camera load factor was the same. For the reliability of the results, each series of experiments was repeated several times.

Samples - cubes with an edge of 10 cm were tested for compressive strength 4 h after heat and moisture treatment and after 3
and 28 days. For each batch of the same batch, three samples were molded, which were stored in a normal hardening chamber and
tested after 28 days.

III. RESULTS AND DISCUSSION

The research results showed that the initial temperature of the concrete mixture significantly affects the nature of the increase
in the strength of concrete prepared on Portland cement (table-1).
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Table 1. Strength of concrete on Portland cement under various modes of heat and moisture treatment

Environment parameters in the | [pitial Compressive strength of concrete, MPa through

é ]gzries chamber during preliminary exposure Zeon;(;:reer;tu:six csz V/C Sr;)lne draft, }Slgei?rming mode, 4 hours after 3 das 25 days 28 days nommal
§ t,°C 0, % oo °C TBO hardening
1 |2 3 4 5 6 7 8 9 10 1 12
1 1 15-16 70-75 15 0,65 | 225 243+6+4 %i‘ %é ﬁﬁ %Oi

2 20-21 70-75 20 0,65 | 225 243+6+4 ol 2.2 2.1 sL1
n |3 26-28 48-50 2225 0,65 | 225 243+6+4 222 221 24 3L

4 26-28 48-50 2225 0,65 | 225 2+3+4+4 20 218 201 3L6

5 26-28 48-50 2225 0,65 | 225 243+2+4 52 201 285 3L

6 26-28 48-50 225 0,65 | 225 243+2+6* o 182 28 2.3

7 26-28 48-50 2225 065 | 225 2434246 124 25 293 2y
m s 32-34 44-46 28-30 0,65 | 1,52 243+4+4 ;—Zl %ﬁ 3—24 %OQ

9 32-34 44-46 28-30 0,65 | 1,52 243+2+4 ;—Zi‘ %@ %9 %02

10 32-34 44-46 28-30 0,65 | 1,52 243+6+4 %2 %é %é %OQ

11 32-34 44-46 28-30 0,65 | 1,52 2+3+4+6° %9 %é %ﬁ %OQ
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Notes. 1). Above the line is the strength of concrete, MPa, below the line -% of 2). 6 * Cooling of concrete at an average rate of
3-4 ° C/hour for 6 hours was carried out with an open regulating gate of the ventilation duct of the chamber. 3). Concrete in series
1 and 2 are prepared without water heating, i.e. according to conventional technology and pre-conditioned in the workshop for 2
hours under the conditions specified in the table.

The higher the initial temperature of concrete, the greater the strength it gains after heat and moisture treatment. However, after
3 days, the strength of concrete with different initial temperatures leveled off, and after 28 days, concrete gained the same strength
regardless of the initial temperature (Fig). This, apparently, is explained by the fact that in concrete with a higher strength after heat
and moisture treatment, its further growth occurs more slowly than in concrete with a lower strength. This is consistent with the
kinetics of cement hydration. In concretes with greater strength, after heat and moisture treatment, a significant part of the cement
grains is hydrated, and around the unhydrated core of the grains, denser shells are formed from the products of cement hydration.
These shells further, during hardening, impede the penetration of moisture to the unhydrated parts of the cement grains, slowing
down the hardening process. Hence it follows that the greater the strength of concrete after heat and moisture treatment, the less its
further growth.
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Figure: The nature of the increase in the strength of concrete on Portland cement, depending on the initial temperature of the
concrete mixture, which underwent heat treatment according to the mode of 2 + 3 + 6 + 4 hours.

1) concrete strength 4 hours after TVO; 2) also, after 3 days; 3) also after 28 days; 4) also after 28 days of normal hardening.

From table 1. It can be seen that for all series of experiments the 28-day strength of concrete on Portland cement after heat and
moisture treatment is 5-9% less than that of normal hardened concrete. The reason for the lack of strength can be two factors. First,
heat treatment at high (800 C) temperature. It is known that heat is a powerful factor in accelerating the hardening of concrete, but
also to a certain extent disturbs its structure due to uneven expansion of the components. This leads to the appearance of stresses in
the heterophase system, the appearance of cracks and other microdefects [12]. Secondly, preliminary curing of concrete at a
relatively high ambient temperature (25-350C). It was found [1] that the most favorable results are obtained after preliminary curing
of freshly formed products on Portland cement at a low temperature. Holding the concrete before heat treatment at a low temperature
promotes a greater dissolution of silicate phases [2] and the formation of a smaller number of nucleating crystals but with a well-
ordered structure and a high degree of solution saturation [13].
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Thus, preliminary curing of concrete on Portland cement at a relatively high ambient temperature, on the one hand, leads to a
reduction in the preliminary curing time, an increase in the strength of concrete immediately after heat and moisture treatment, on
the other hand, slowing down the further hydration of Portland cement after heat and moisture treatment.

From table 1. It can be seen that for series 1 and 10, the heating mode, the temperature of isothermal holding and the duration
of heat and moisture treatment are the same, but the strength indicators after heat and moisture treatment are different. In this case,
the difference in strength indicators can be explained by the degree of maturity of the concrete, since its initial temperature was
different and the heating time to the isothermal holding temperature was different.

Concrete with an initial temperature of 300C (series 10) is heated to the isothermal holding temperature for 4 hours, and with
an initial temperature of 150C (series 1) for 5.5 hours. Accordingly, by the 4th hour of heat and humidity treatment, the number of
degree-hours is 272 (series 10) and 162 (series 1).

As a result, by the end of the heat and moisture treatment, concrete with an increased initial temperature gains a large amount
of degree-hours (series 10) compared to concrete with a lower initial temperature (series 1) and, accordingly, the strength indicators
are 70 and 61% of R28nt.

It should be noted that an increase in the initial temperature of the concrete mixture from 15 to 300C did not lead to a significant
increase in the strength of concrete after heat treatment with Portland slag cement (Table 2). This is apparently due to the property
of the slag, which at relatively low positive temperatures does not show activity in the process of hydration. The unacceptability of
slag Portland cement for the preparation of warm concrete is also indicated in [14].

The difference between Portland slag cement concrete in comparison with Portland cement concrete is that the 28-day strength
of Portland slag cement concrete after heat and moisture treatment for all series of experiments exceeds the strength of the same
concrete hardened under normal conditions (Table 2) by 10-20%. The data obtained are fully consistent with the results of [1],
which notes that a high heating temperature (80-900C) not only provides high concrete strength immediately after heating, but also
does not reduce further intensive growth of concrete strength on slag Portland cement.

From the test results (Tables 1 and 2) it can be seen that the nature of cooling significantly affects the strength of concrete after
heat and moisture treatment. Concrete on Portland cement with heat treatment modes 2 + 3 + 4 + 4 = 13 h (series 4, table 1) and 2
+3+2+6*=13 hours (series 6 and 7, table 1) after heat and moisture treatment gain almost the same strength.

A similar effect is observed for concretes prepared on slag Portland cement (series 4 and 6, Table 2). Equal strength indicators
of concrete with different isothermal holding times are explained, apparently, by the same degree of maturity. For example, concrete
heated according to the 2 + 3 + 6 + 4 h mode by the end of heat treatment gains the sum of degree-hours equal to 880; the same
amount of degree-hours is gained by concrete subjected to heat treatment according to the 2 + 3 + 4 + 6 * h mode. The total duration
of heat treatment in both cases is the same and amounts to 15 hours. But in the second variant, the isothermal holding time is reduced
by 2 hours.
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Table 2. Strength of concrete on slag Portland cement under different modes of heat and moisture treatment

Environment parameters in the

Initial

[pounocts 6eTona npu cxxatuu, Mlla uepes

2 chamber during preliminary )
2 Neseries €Xposure temperature of V/C Cone draft, | - Steaming mode, 4 hours after 28 days normal
& concreteomlx T cm hour TBO 3 days 28 days hardening
t,°C ¢, % 6 °C
1 2 3 4 5 6 7 8 9 10 1 12
1 15-16 70-75 15 0,65 33,5 2434814 %’)ﬁ %2 %g %}%
2 20-21 70-75 20 0,65 335 243+6+4 %39 17=17§ %’89 %(%
n 3 26-28 48-50 2225 0,65 335 2434444 = L0 168 2
4 26-28 48-50 2225 0,65 335 2434644 = 12 e i
5 26-28 48-50 2225 0,65 335 2434844 22 13 2% e
6 26-28 48-50 2225 0,65 335 24341416+ 107 123 1 2
7 26-28 48-50 2225 0,65 335 243+6+4 ]—g;] %lé %’35 %g
m 8 32-34 44-46 28-30 0,65 2,53 24348+4 17215 1—8=424 %f %g
9 32-34 44-46 28-30 0,65 2,5-3 243+6+4 %ﬁ %ﬁ T %g
10 32-34 44-46 28-30 0,65 2,5-3 243+4+4 %15 %3 %91 %g

Notes. one). Above the line - concrete strength, MPa, below the line -% of 2). 6 * Cooling of concrete at an average rate of 3-4 ° C / hour for 6 hours is carried out
with an open regulating gate of the ventilation duct of the chamber. 3). Concrete in series 1 and 2 are prepared without water heating, i.e. according to the usual
technology and pre-conditioned in the shop for 2 hours under the conditions indicated in the table.
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From the above, it follows that the increased temperature of the external environment has a beneficial effect on the individual
stages of heat and moisture treatment. With an increase in the ambient temperature, the initial temperature of the concrete mix
increases, which, at the same rate of temperature rise, contributes to a reduction in the time of this stage in comparison with concrete
having a lower initial temperature. Cooling of concrete occurs more slowly due to a decrease in the temperature gradient between
concrete and the environment, thereby it becomes possible to reduce the isothermal holding time.

Thermal holding of products after a short isothermal holding can be used especially effectively in hot climates. The increased
temperature of the medium reduces heat loss through the enclosing structures of the chambers due to a decrease in the temperature
gradient, providing a slower cooling of the products in the chamber. On the other hand, conditions are created for cooling products
directly on the operating areas of the shops.

It is advisable to carry out heat and moisture treatment with thermos cooling (two-stage heat and moisture treatment) of products
according to two options, depending on the form of labor organization at precast concrete enterprises. If the molding equipment and
heating units are assigned to the shift crew, it is advisable to cool the products in the heat and moisture treatment chambers. In the
conditions of two-, three-shift operation, thermos cooling of products after isothermal holding is recommended to be carried out in
ripening chambers, since in this case enterprises are interested in increasing the turnover of molding equipment and thermal units.

The expediency of a two-stage heat and humidity treatment for the production of products in areas with hot climates was noted
in[15, 16, 17].

Thus, the results of experimental studies prove the correctness of the assumptions on reducing the time of isothermal holding in
the process of heat and moisture treatment of concrete in a hot climate. The purpose of the modes of heat and moisture treatment
for each specific case, depending on the initial temperature of concrete and the environment, requires a special study. This is a
laborious process, takes considerable time and is extremely inconvenient (and in many cases generally unacceptable) for production
workers.

Therefore, we proposed an analytical method for optimizing the aging modes of products during heat treatment, taking into
account the temperature of the environment, which is as follows.

The sum of degree - hours is determined for the accepted factory mode, where the temperature of the concrete mixture (t51)
entering the heat treatment unit, according to the current standards, is + 150C:

S1 = (t from- t31) (tpodl / 2 + tfrom1), deg-hour;
Then the sum of the degree-hours of the same mode is determined, but with the actual initial temperature of the concrete (t52):
S2 = (tfrom- t52) (tpod2 / 2 + tfrom?2), deg-hour;
The ratio of the latter to the former is the optimization factor:
Cop=S2/SlI,;
The duration of the active cycle of heat and moisture treatment of concrete, taking into account Cop:
Top =T1. Cop = (tpodl + tfrom1). Cop, hour

The results of studying the modes of heat and moisture treatment of concrete with different initial temperatures of the concrete
mixture and the obtained strength indicators of concrete after heat and moisture treatment confirmed the correctness of the proposed
method for optimizing the modes of heat and moisture treatment in the manufacture of precast concrete products in hot climates.

IV. CONCLUSION

An increased initial temperature (25 ... 30 © C) before heat treatment contributes to a more intensive increase in the strength of
concretes during heat and moisture treatment, prepared with Portland cement. For concretes on slag portland cement, it has no
noticeable effect.

The strength of concrete prepared on Portland cement and slag Portland cement is significantly influenced by the nature of
cooling; cooling at an elevated temperature (35-40 ° C) of the environment proceeds more slowly, reduces temperature gradients in
the product, contributes to an increase in the strength of concrete immediately after heat and moisture treatment.

The increased temperature of the environment creates favorable conditions for two-stage heat and moisture treatment. This
method is equally effective for concretes based on Portland cement and Portland slag cement.

The purpose of the modes of heat and humidity treatment of precast concrete products, taking into account the ambient
temperature of a hot climate, makes it possible to reduce the active cycle time (temperature rise + isothermal heating) by 2 ... 3
hours. The decrease in energy consumption is 20 ... 22%.
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