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Concrete and asphalt construction works under low-temperature conditions
represent significant technological and energy-related challenges due to the
adverse effects of winter conditions on cement hydration, early-age concrete
strength development, and the proper placement and compaction of asphalt
mixtures. This paper analyzes temperature regimes during the production,
transport, and placement of concrete and asphalt mixtures, as well as thermal
protection methods applied under winter conditions. Special attention is given to
the energy requirements for heating concrete components, including heat
balance calculations and the influence of curing temperature on the development
of relative concrete strength. Thermal protection methods, including the thermos
method and the application of thermoactive formwork systems, are also analysed.
For asphalt works, heat losses during the transport and placement of asphalt
mixtures were investigated using the “MultiCool” software package. The results
indicate that winter conditions lead to intensified cooling of asphalt mixtures and
a reduction in the available time for adequate layer compaction.

thermal protection
heat losses
winter construction conditions

1. Introduction

Concrete and asphalt construction works under low-
temperature conditions represent a significant
technological and energy-related challenge in modern
construction practice. Reduced temperatures adversely
affect cement hydration, early-age concrete strength
development, as well as the proper placement and
compaction of asphalt mixtures. Therefore, during
winter conditions, the implementation of appropriate
protection measures, temperature control, and
optimization of technological processes during the
production, transportation, and placement of materials
is essential [1, 2, 3]. In concrete works, low
temperatures slow down the processes of cement
setting and hardening, while temperatures below the
freezing point may cause freezing of water within fresh
concrete mixtures, negatively affecting the strength,
durability, and resistance of the structure [3, 4, 5]. At the
same time, accurate prediction of temperature
development within the concrete mass plays an
important role in determining the energy requirements
for heating concrete components and selecting
appropriate thermal insulation measures [6].

In asphalt works, the dominant issue is the rapid cooling
of asphalt mixtures during transportation, placement,
and compaction, which reduces the available time for
achieving the required layer density [6, 9]. Low air and
pavement temperatures increase the risk of cracking,
reduce the quality of the surface layer, and negatively
affect the long-term durability of pavement structures [7,
8]. Previous studies have shown that proper
transportation organization, temperature regime control,
and the application of low-temperature asphalt paving
technologies can significantly reduce heat losses and
improve the quality of constructed pavement layers [9,
10]. The aim of this paper is to analyze the technological
and energy-related aspects of concrete and asphalt
construction works under winter conditions, with
particular emphasis on heating concrete components,
methods of fresh concrete protection, and heat losses
of asphalt mixtures during transportation and placement.
The paper analyzes the influence of temperature
conditions on the quality of constructed structures,
including characteristic energy calculations and an
analysis of temperature regimes during construction
operations.
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2. General Remarks on Concrete Works under
Low-Temperature Conditions

The production and placement of concrete under low-
temperature conditions represent a specific technological
process due to the significant influence of temperature on
cement hydration, early-age strength development, and
concrete curing. According to the recommendations of the
American Concrete Institute (ACI 306R-16), cold weather
conditions are defined as a period of at least three
consecutive days during which the average daily air
temperature does not exceed 5 °C, while the temperature
remains below 10 °C for more than 12 h per day [1, 3].
During cement hydration, heat is released, which may
contribute to protecting fresh concrete from freezing in the
early stages of curing. However, under extremely low
temperatures or sudden temperature drops, freezing of
water within the pores of fresh concrete may occur,
causing microcracking and permanent damage to the
cement matrix. Such damage results in reduced strength,
watertightness, and long-term durability of the structure [3,
4, 5]. Concrete resistance to frost action depends on the
level of strength developed at the time of exposure to low
temperatures. In practice, concrete is generally required to
achieve at least approximately 5 MPa of early-age
strength in order to prevent damage caused by freezing of
pore water, while more critical structures are
recommended to reach approximately 70% of the design
strength before prolonged exposure to frost conditions [1,
5]. A decrease in temperature significantly slows down
cement hydration. At temperatures below 5 °C, strength
development proceeds much more slowly, while at
temperatures around —10 °C the hydration process is
almost completely stopped [4, 5]. Therefore, during winter
conditions it is necessary to ensure an adequate
temperature of the fresh concrete mixture prior to
placement, as well as the application of protective
measures after concreting. A particular problem is
represented by heat losses during the transportation and
placement of concrete, where the cooling intensity
depends on ambient temperature, transportation duration,
and structural geometry. Consequently, practical
measures include heating of water and aggregates,
thermal insulation of formwork, protective covering of
exposed surfaces, and the use of chemical.

Exhaust gas heat 28 kW
Hot air 312 kW

Hot water S80 kW

Ol/gas920kW

Additional hot water
e.g. for cleaning the
truck mixers

3. Temperature Regimes during the Production
and Placement of Concrete

Concrete production under low-temperature conditions
requires the application of specific technological
measures in order to maintain an adequate temperature
of the fresh concrete mixture and prevent ice formation
within the concrete structure. During winter conditions,
the majority of additional energy consumption is
associated with heating water and aggregates to ensure
uninterrupted cement hydration and proper early-age
strength development [1, 3]. In the case of dry
aggregates without the presence of ice, the required
temperature of the fresh concrete mixture is generally
achieved by heating the mixing water. However, at
ambient temperatures below approximately -4 °C,
additional heating of aggregates is also necessary in
order to maintain the prescribed mixture temperature
during transportation and placement [3]. The
recommended maximum temperature of fresh concrete
produced by heating its components is approximately
32 °C, while controlled heating procedures and
avoidance of sudden temperature variations between
individual concrete batches are required [1].

When the water temperature exceeds approximately 80
°C, the sequence of mixing concrete components must
be adjusted to prevent localized overheating of cement
and undesirable effects during hydration. In practice,
heated water is first mixed with coarse aggregate,
followed by the addition of fine aggregate and cement.
Furthermore, heating aggregates above 15 °C is
generally unnecessary if the mixing water is heated to
approximately 60 °C [3]. Energy losses during the winter
period are also influenced by seasonal variations in
aggregate temperature. During autumn, aggregate
temperature may be higher than ambient air
temperature, whereas the opposite situation is
commonly observed during spring. The application of
water and aggregate heating systems increases the
overall cost of concrete production by approximately
10-15%, representing a significant factor in planning
construction activities under winter conditions [3].

Concrete mixing
plant

Figure 1. Schematic Representation of a Concrete Component Heating Plant
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3.1. Energy Requirements for Heating Concrete
Components

Under winter concrete production conditions, it is
necessary to ensure an adequate temperature of the
fresh concrete mixture in order to prevent water freezing
within the concrete and to enable proper cement
hydration. The calculation of the required heating
temperature of concrete components is based on the
heat balance principle of the fresh concrete mixture,
taking into account the mass and specific heat capacity
of all concrete components, in accordance with the
recommendations of ACI 306R-16 [1] and the analyses
presented by Carino [3].

Table 1. Input Data for the Heat Balance Calculation of the Concrete
Mixture

Parameter Symbol Value
Required concrete temperature | tsprav 15°C

after mixing

Aggregate and moisture | tag = tv -15°C
temperature

Cement temperature teem 0°C

Water temperature before heating tv 1°C

Water temperature after heating tgr 80 °C
Aggregate quantity ag 2145 kg
Aggregate moisture content — 5.64 %
Cement quantity Qoem 300 kg
Total water quantity Qv 180 kg
Specific heat capacity of aggregate | Sag 0.84 kJ/kg°C
Specific heat capacity of water Sy 4.2 kJlkg°C

Source: (authors’)
Table 1 presents the input parameters adopted for the
heat-balance calculation. The low initial aggregate
temperature and its moisture content significantly affect
the energy required to achieve the specified concrete
temperature.

Table 2. Results of the Heat Balance Calculation

Quantity Expression Result

Quantity of water qu = 2145 - 0,0564 =~ 121 kg

contained in the

aggregate

Added water quantity Qudod = 180 - 121 59 kg

Required aggregate tag 16,62 °C

heating temperature

Energy required for Q=42-59-(80-1) 19576,2

water heating kdim?

Energy required for Qag+v=0,84-2145-31,62+2,1-121 | =

heating aggregate with -15+335-121+4,2-121-16,62 109765,7kJ/m

moisture 3

Total required energy Qen = 19576,2 + 100539,6 1293419
kdim®

Total required energy Qen=129,341.9/1000 =~129,3
MJ/m?

Source: (Authors’ calculations)

As shown in Table 2, most of the calculated energy
demand is associated with heating the aggregate and
its moisture. The total energy requirement of
approximately 120.1 MJ/m3 confirms the dominant
influence of aggregate heating on winter concrete
production. The obtained results indicate that the
energy required for heating concrete components
increases significantly with decreasing ambient
temperature, with the largest portion of the total energy
consumption associated with aggregate heating. In
addition to energy requirements, the curing temperature
directly affects the development of early-age concrete
strength, as presented in Table 3. Table 3 presents the
influence of curing temperature on the relative strength
development of concrete produced with different types
of cement. The results show that lower temperatures
significantly slow down early-age strength development,
particularly during the initial curing period.

Table 3. Influence of Curing Temperature on the Relative Strength Development of Concrete

Cement Type Number of Curing | Average Concrete Temperature during Curing

Days 1°C__|5C  |1°c |15°C | 20°C_ | 25°C
Relative Concrete Strength (%)

Portland Cement 30 3 12 17 24 33 40 44
5 20 26 35 45 50 56
7 27 35 42 52 59 66
10 37 45 53 64 72 78
15 47 57 68 77 85 92
28 65 79 90 100 - -

Portland Cement 40 3 14 21 30 37 45 52
5 21 30 38 47 56 63
7 27 37 47 55 64 72
10 36 47 57 67 75 83
15 49 60 72 83 92 97
28 70 80 91 100 - -

Portland Cement 50 3 17 22 29 34 47 52
5 26 34 40 47 57 64
7 35 43 52 61 68 75
10 46 55 65 75 82 87
15 57 70 80 89 99 -
28 75 86 95 100 -

Source: (Authors’ compilation based on [1, 3])
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The analysis of the results presented in Table 3
indicates that an increase in curing temperature
significantly accelerates the development of relative
concrete strength. At temperatures between 1 and 5 °C,
strength development is considerably slower compared
to curing conditions at 15-25 °C, confirming the
necessity of applying thermal protection measures
during winter conditions.

3.2. Thermal Protection Methods for Concrete
under Low-Temperature Conditions

Maintaining adequate temperature conditions during
curing represents one of the key requirements in
concrete construction under winter conditions.

3.2.1. Thermos Method

The thermos method represents one of the most
commonly applied concreting techniques under low-
temperature conditions. The method is based on
providing an adequate initial temperature of the fresh
concrete mixture and preserving the heat generated
during cement hydration through the application of
thermal insulation measures. According to the
recommendations of ACI 306R-16, concrete should
achieve approximately 70% of its design strength before
the concrete temperature falls below 0 °C [1]. For
massive and moderately massive structures with a
surface modulus lower than 8 m™, additional heating of
the concrete mass is often unnecessary because the
heat generated by cement hydration is sufficient to
maintain the required temperature. In contrast, slender
and segmented structures experience more intensive
heat losses, requiring the application of additional
heating and more efficient thermal insulation measures
[1, 3]. To estimate the duration for which concrete can
be maintained above the minimum allowable
temperature, a heat-balance analysis of the concrete
element is required. Under the assumptions of uniform
concrete temperature, constant ambient conditions, and
constant thermal properties, the approximate duration
of the protection period may be estimated using the
following expression [1]:

7 = (pcon* Ccon - (Tinitial =T fina) + Mc * Hp) (1)
Mg- U- (Tavg_Tamb)

where: Z - estimated duration of the concrete protection
period (S); pcon - density of concrete (kg/m3);
Ccon - specific heat capacity of concrete (J/(kg-K));
Tinitial - initial concrete temperature (°C); Tfinar - Minimum
allowable concrete temperature at the end of the
protection period (°C); m¢ - cement content per unit
volume of concrete (kg/m3); Hn - effective heat of
cement hydration released during the considered period
(J/kg); Ms — surface modulus of the structural element
(m™); U - overall heat transfer coefficient (W/(mz2:K));
Tayg - average concrete temperature during the
protection period (°C); and Tamb - ambient air
temperature (°C).

U= — 1t )

d;
Rsi"’Z{l:lA_; +Rse

where: U - overall heat transfer coefficient (W/(mz2-K));
Rsi- internal surface thermal resistance (m2-K/W); Rse -
external surface thermal resistance (Mm2-K/W); di -
thickness of the i-th insulation layer (m); Ai - thermal
conductivity of the i-th insulation material (W/(m-K));

and Z}Ll% - total thermal resistance of the insulation
i
layers (m2-K/W).

Table 4. Time required to achieve the design strength at different
curing temperatures

Average

Coqcrete Time Required to Achieve 70% of the Design
Curing Strength (days)

Temperature

(°C)

-10 Hydration Almost Completely Stopped
-5 > 35

0 28

5 22

6.9 19

10 14

15 10

20 7

25 5

Source: [1, 3]
T

able 4 presents the time required to achieve
approximately 70% of the design strength at different
concrete curing temperatures. The obtained results
indicate that an appropriate selection of thermal
insulation measures and proper control of temperature
regimes can provide sufficient curing time for concrete
under low ambient temperature conditions [1, 3].

3.2.2. Application of Thermoactive Formwork
Systems

Thermoactive formwork systems represent one of the
most efficient concreting methods under low-
temperature conditions, particularly in cases where
rapid development of early-age concrete strength is
required. The method is based on the use of formwork
equipped with integrated heating elements, which
enable controlled heating of the concrete mass and
reduction of heat losses during the curing process [1, 3].
The application of thermoactive formwork enables
faster achievement of the required concrete strength
compared to conventional protection methods, allowing
concrete to reach approximately 60—70% of its design
strength within a shorter period of time [2]. This method
is particularly suitable for slender and segmented
structures with a high surface-to-volume ratio, where
intensive heat losses occur. In practice, thermoactive
formwork systems are most commonly applied for
structures with a surface modulus greater than 6 m™.
For more massive structures, low-temperature heating
regimes are generally applied, with an average concrete
temperature of approximately to,s=40°C.
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The energy consumption of thermoactive formwork
systems depends on the thermal characteristics of
concrete, structural geometry, dimensions of heating
panels, and ambient temperature. According to
literature data, thermoactive formwork systems used at
an ambient temperature of —20 °C achieved heating
capacities ranging from 0.4 to 1.5 kW/mz2, while the
corresponding energy consumption was approximately:

e 45 kWh/m3 for massive walls,

e 35 kWh/ms3 for isolated footings,

e 25 KkWh/m3 for slab girders [11].
The obtained data confirm that thermoactive formwork
systems represent an efficient solution for concrete
construction under low-temperature  conditions,
particularly for structures requiring accelerated curing
with reduced heat losses.

4. Temperature Regimes during the Production
and Placement of Asphalt Mixtures

4.1. Temperature Regimes of Asphalt Mixtures

Asphalt paving operations under low-temperature
conditions represent a significant technological
challenge, since weather conditions directly affect the
proper placement and compaction of asphalt mixtures.
Air and pavement temperatures, wind speed, and
transportation duration have a considerable influence
on the cooling rate of the mixture, the quality of the
constructed pavement layer, and its long-term durability
[7, 8, 12]. During transportation, placement, and
compaction, it is necessary to maintain the asphalt
mixture temperature within the prescribed temperature
range. Under unfavorable weather conditions,
accelerated cooling of the mixture occurs, reducing the
available time required to achieve the specified layer
density. Insufficiently compacted asphalt mixtures may
result in increased porosity, reduced resistance to water
penetration, cracking, and accelerated deterioration of
pavement structures [8, 13, 14].

According to recommendations for asphalt paving
operations, both air and pavement temperatures must
satisfy minimum requirements in order for asphalt
mixture placement to be permitted. For binder and base
layers thicker than 30 mm, a minimum temperature of 5
°C is recommended, while for wearing courses thinner
than 30 mm, a minimum temperature of 10 °C is
recommended [12, 15]. These Iimitations are
particularly important for thin asphalt layers due to
increased heat losses caused by a higher surface-to-
volume ratio. The cooling intensity of asphalt mixtures
during transportation depends on ambient temperature,
wind speed, transportation duration, layer type and
thickness, the protection method of transport vehicles,
and the thermal properties of the mixture. If the mixture
temperature falls below the minimum allowable value
before compaction is completed, the quality of the
constructed layer may be significantly impaired[7, 9, 10,
12].

For hot mix asphalt concretes, the following
temperature regimes are recommended [11, 12]:

e  hitumen storage temperature: 130-160 °C,

e maximum allowable bitumen temperature: 175
°C.

e recommended asphalt mixture temperature at
the asphalt plant outlet: 140 £ 10 °C to 170 + 10
OC,

e  maximum asphalt
temperature: 180 °C,

e recommended asphalt mixture temperature at
the placement site: 130 £ 10 °C to 160 = 10 °C,

e  minimum allowable asphalt mixture temperature
before compaction: 90 °C.

mixture production

Recent studies indicate that proper control of
temperature  regimes during the  production,
transportation, and placement of asphalt mixtures is
essential for achieving the required density, durability,
and resistance of pavement structures, particularly
under low-temperature conditions [7, 8, 10, 13].
Furthermore, the application of asphalt mixtures
designed for placement at lower temperatures may
contribute to reduced energy consumption and
improved organization of construction activities under
unfavorable weather conditions [9, 10]. In order to
analyze the time available for proper placement and
compaction of asphalt mixtures, the “MultiCool”
software package was used to simulate the cooling
process of asphalt mixtures under different weather
conditions and layer thicknesses.

Table 5. Influence of Air Temperature and Layer Thickness on the
Available Time for Asphalt Mixture Compaction

Parameter /| 381 cm | 508cm | 7,62cm
Temperature
Available Time for Compaction (min)

4.44°C 16 25 46
10.00 °C 17 27 50
15.56 °C 19 30 55
21.11°C 21 33 60
26.67 °C 24 37 67

Source: [12, 16]

The analysis of the results presented in Table 5
indicates that an increase in air and subgrade
temperature significantly extends the time available for
proper compaction of the asphalt mixture. At an air
temperature of 4.44 °C, the available compaction time
for a 3.81 cm thick layer is only 16 min, whereas at a
temperature of 26.67 °C it increases to approximately
24 min. The influence of asphalt layer thickness is
particularly pronounced. Thicker asphalt layers lose
heat more slowly due to their greater thermal mass and
lower surface-to-volume ratio. Thus, a layer thickness
of 7.62 cm at an air temperature of 4.44 °C maintains a
temperature suitable for compaction for approximately
46 min, which is nearly three times longer than for a 3.81
cm thick layer.
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The obtained results confirm that low-temperature
conditions represent one of the key factors limiting the
proper placement of asphalt mixtures. Therefore, during
asphalt paving operations under winter conditions, it is
necessary to:

e reduce transportation time,

e use thermally insulated transport vehicles,

e optimize paving and compaction operations,

e increase temperature regime control during

construction activities [7, 9, 12, 14].

Based on the presented results, it can be concluded that
controlling heat losses is one of the essential
requirements for achieving adequate density, durability,
and functionality of pavement structures under low-
temperature conditions. The application of modern low-
temperature asphalt paving technologies and improved
transportation organization can significantly contribute
to reducing heat losses and improving the quality of
constructed pavement layers [9, 10]. In order to provide
a clearer understanding of the influence of ambient
temperature on the cooling process of asphalt mixtures,
a comparison was performed between the results
obtained under winter and summer paving conditions.
The analysis was carried out using the “MultiCool”
software package, while changes in asphalt mixture
temperature over time after delivery to the construction
site were monitored.

4.2. Heat Losses during Transportation and
Placement

In order to analyze the cooling process of asphalt
mixtures, the “MultiCool” software package was used to
simulate the variation of asphalt mixture temperature
over time under different ambient temperature
conditions. The temperature changes of the asphalt
mixture after 15 min of transportation and placement
were analyzed for different ambient temperatures.

Table 6. Influence of Ambient Temperature on the Cooling of
Asphalt Mixtures after 15 min of Transportation and Placement

Air :G.'t'al Asphalt Cooling | Asphalt  Mixture
ixture .
Temperature T Time Temperature after
° emperature : o
(°C) °C) (min) 15 min (°C)
-10 160 15 88.420
-5 160 15 91.375
160 15 93.102
160 15 93.734
10 160 15 114.543
15 160 15 114.860
20 160 15 115.071
25 160 15 115.388
30 160 15 115.705

Source: [12, 14, 16]

The results presented in Table 6 indicate that asphalt
mixtures lose heat significantly faster at lower ambient
temperatures. A particularly pronounced temperature
decrease occurs at temperatures below 0 °C, where the
asphalt mixture temperature after 15 min may fall below
the recommended values required for effective
compaction. Based on the obtained results, a graphical
comparison of the asphalt mixture cooling process
under winter and summer conditions was performed, as
presented in Figure 2.

210

160

=
[N
o

0 10 20 30
Time After DeIivery?min)

Temperature of Asphalt
Mixture (°C)
3

= ® = Summer Conditions (°C)
—&— Winter Conditions (°C)

Figure 2. Influence of Ambient Temperature on the Cooling Process
of Asphalt Mixtures

The analysis of the results presented in Figure 2
confirms that under winter conditions asphalt mixtures
experience more intensive cooling, resulting in a
reduction of the available time for transportation,
placement, and compaction of asphalt layers.

4.3. Comparative Analysis of Results

The obtained results confirm the significant influence of
ambient conditions on the cooling rate of asphalt
mixtures. Under winter conditions, more intensive heat
losses occur, significantly reducing the available time
for transportation, placement, and compaction of
asphalt mixtures. The analysis confirms that
maintaining an adequate temperature regime during
asphalt paving operations is essential for achieving the
required pavement density, durability, and long-term
performance under low-temperature conditions. Proper
coordination of transport, paving, and compaction
activities significantly reduces heat losses and improves
construction quality. [7, 9, 14, 15]. The obtained results
confirm that proper organization of asphalt paving
operations and effective control of heat losses have a
significant influence on the density, durability, and
functionality of pavement structures, particularly under
winter construction conditions [8, 9, 10].

5. Conclusion

Concrete and asphalt construction works under low-
temperature conditions represent significant
technological and energy-related challenges due to the
adverse effects of low temperatures on cement
hydration, early-age concrete strength development,
and the proper placement and compaction of asphalt
mixtures.
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Therefore, during winter conditions it is necessary to
apply appropriate protective measures and maintain
adequate temperature control during the production,
transportation, and placement of construction materials.
The analysis of the energy aspects of concrete
production showed that heating water and aggregates
represents a significant portion of the total energy
consumption under winter conditions. The calculations
indicated that approximately 120 MJ of energy is
required for heating the components of 1 m3 of concrete
at an ambient temperature of —15 °C. The obtained
results confirm the importance of proper temperature
control of concrete components in order to prevent
freezing of fresh concrete mixtures and ensure
adequate early-age concrete strength development.
The analyzed thermal  protection  methods
demonstrated that the thermos method and
thermoactive formwork systems represent effective
solutions for maintaining the required temperature
conditions during concrete curing. By selecting
appropriate thermal insulation measures and applying
controlled heating regimes, it is possible to ensure
sufficient curing time while reducing heat losses.

For asphalt paving operations, it was determined that
air and pavement temperatures, wind speed, and
asphalt layer thickness have a direct influence on the
cooling rate of asphalt mixtures and the available time
for proper compaction. Simulation results showed that
asphalt mixtures under winter conditions lose
temperature significantly faster, increasing the risk of
insufficient compaction of asphalt layers. A comparative
analysis of winter and summer conditions revealed a
temperature difference of approximately 22 °C after 15
min from the delivery of the asphalt mixture to the
placement site. The obtained results confirm that
temperature regime control, reduction of heat losses,
and proper organization of construction activities are of
crucial importance for the quality and durability of
pavement structures. Based on the conducted analyses,
it can be concluded that construction works under low-
temperature conditions require additional energy
investments; however, the proper application of
protective and technological measures enables the
preservation of structural quality and continuity of
construction activities during the winter period. Modern
thermal protection methods and temperature control
systems can significantly contribute to improving
construction efficiency and reducing the risk of damage
caused by low-temperature effects.
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