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Abstract

A comprehensive numerical study was conducted in this study to evaluate the effects of construction technology
factors including curing temperature, initial temperature of fresh concrete mixture, type of formwork, type of
cement, and cement content on controlling thermal cracking in mass concrete. The probability of cracking
will also be included in the analysis to align with the trend of thermal cracking control planning in some
countries today. Stress-temperature field analysis will be performed using the finite element heat flow analysis
tool of Midas/Civil software. The reliability and accuracy of the proposed method are verified by comparing
the analysis results with a experimental result of a mass concrete sample with dimensions of 2.5 × 2.5 × 2.5
m. Based on the validated numerical model, a parametric study was conducted on a typical mass concrete
block with dimensions 5.0 × 5.0 × 5.0 m to investigate the impact of construction technology parameters on
temperature development in mass concrete. The obtained results demonstrate that construction technology
factors significantly affect thermal cracking in mass concrete. An effective construction solution will contribute
significantly to the overall plan for controlling thermal cracking in mass concrete.
Keywords: mass concrete; thermal cracking index; heat of hydration; construction technology; thermal stress.
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1. Introduction
Constructing mass concrete often encounters challenges and requirements in controlling tempera-

ture rise, as the cement hydration process can lead to thermal cracking. Excessive heat generation will
result in temperature differences between the surface and the interior of the mass concrete, causing
cracks when thermal tensile stress exceeds allowable tensile stress [1–6]. Thermal cracks can com-
promise the integrity, stability, and lead to harmful effects on the structure [7]. In the USA, the ACI
207 committee has issued a set of standards for mass concrete, consisting of five component standards
[8–12]. In 2008, the Japan Concrete Institute (JCI) revised and issued technical guidelines for con-
trolling thermal cracking in mass concrete [1]. In the UK, regulations for mass concrete construction
can be found in Part 1 of the BS 8110 standard [13]. In Russia, some regulations on mass concrete
can be found in standard [14]. In Vietnam, requirements for mass concrete construction are specified
in standard TCVN 9341:2012 [15]. Most of the current global standards and technical guidelines for
controlling thermal cracking in mass concrete aim at three main goals: (i) controlling the core temper-
ature of the concrete block not to exceed 70 °C during the early stages of cement hydration to avoid
the formation of delayed ettringite (DEF) [16], thus preventing late-stage cracks due to ettringite ex-
pansion; (ii) controlling the temperature difference between the surface and the interior of the block
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not to exceed 20 °C to 25 °C. The heat generated from the cement hydration with the slow heat dis-
sipation rate within the concrete mass is the main reason of the temperature increase within the mass
concrete. Concrete in the core with high heat tends to expand while the exterior surface, exposed to
the environment, tends to contract and restricts the expansion of the interior concrete. This causes
tensile stress on the surface concrete, leading to thermal cracking when thermal tensile stress exceeds
allowable tensile stress [2, 16]; and recently in Japan; (iii) the evaluation of crack formation in mass
concrete is conducted using the thermal cracking index, which predicts the tendency for cracking [1].
Therefore, technologies to control thermal cracking in mass concrete aim to address the three main
phenomena mentioned above.

While existing standards and guidelines provide valuable frameworks for controlling thermal
cracking, the increasing scale and complexity of modern construction projects demand further in-
vestigation into the influence of construction technology and other uncontrolled factors. Given the
changes in the context of modern mass concrete construction, with more super-tall buildings and new
modern construction technologies, researching the impact of construction technology on controlling
thermal cracking in mass concrete is necessary. In Vietnam, reinforced concrete structures are signif-
icantly increasing. Specifically, (i) the foundation mat of the Lotte Center Hanoi has a volume of up
to 18600 m3, dimensions of 44.1 × 92.7 × 5.7 m; (ii) the foundation of the Bitexco Financial Tower
in Ho Chi Minh City is up to 4.0 m thick; (iii) the foundation mat of the Keangnam Hanoi Landmark
Tower has a volume of nearly 24870 m3, a surface area of 6217 m2, and is also 4.0 m thick; and
most recently, the Landmark 81 Tower in Ho Chi Minh City has a foundation mat surface area of
3000 m2, a thickness of 8.4 m, and a concrete volume of nearly 17000 m3. Additionally, conclusions
mentioned in current standards are drawn from experiments where construction technology factors
are rarely considered. Thus, surveys on the impact of construction technology factors on thermal
cracking are needed for more accurate conclusions. Furthermore, during construction, uncontrollable
random factors during the design stage such as weather, contractor skill level, and type of aggregates
used can also lead to cracking risks for the concrete block. Therefore, it is necessary to include the
probability of cracking in the analysis [1, 17].

In this study, a comprehensive investigation into the effects of construction technology on con-
trolling thermal cracking in mass concrete will be conducted. Stress-temperature field analysis will
be performed using the finite element heat flow analysis tool of Midas/Civil software. Important con-
struction technology factors affecting the control of thermal cracking in mass concrete will be investi-
gated, including curing temperature, initial temperature of fresh concrete mixture, type of formwork,
type of cement, and cement content on the thermal cracking index. The probability of cracking will
also be included in the analysis to align with the trend of thermal cracking control planning in some
countries today. The reliability and accuracy of the proposed method are verified by comparing the
analysis results with experimental results. The obtained results demonstrate that construction technol-
ogy factors significantly affect thermal cracking in mass concrete. An effective construction solution
will contribute significantly to the overall plan for controlling thermal cracking in mass concrete.
Throughout the study, bold letters denote matrices or vectors in the formulations.

2. Mathematical foundations of the heat of hydration analysis of mass concrete
During the initial stages of concrete, heat will be generated through the chemical reactions be-

tween cementitious materials and water. Heat of hydration analysis can be conducted through 2 main
processes: (i) heat transfer analysis, and (ii) thermal stress analysis. Heat transfer analysis determines
how nodal temperatures change over time due to factors like heat sources, convection, and conduction
involved in the cement hydration process. Thermal stress analysis then calculates the resulting stress
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in mass concrete at each stage based on these temperature changes over time. These calculations also
incorporate material property changes dependent on time and temperature, time-dependent shrinkage,
and creep influenced by both time and stress.

2.1. The heat conduction process in concrete

Numerical modeling of the transient temperature problem, considering the heat release during
cement hydration, is based on solving the well-known thermal conductivity equation [18–21], as
described by the below equation:

ρC
∂T
∂t
= λ∇2T + qV (1)

where T represents the temperature at a specific element at time t (°C); λ denotes the thermal con-
ductivity coefficient of the material being considered (W/m °C); qV describes the amount of heat
generated within a unit volume of the material (W/m3); C denotes the concrete’s specific heat capac-
ity, which is the amount of heat required to raise the temperature of one kilogram of concrete by one
degree Celsius (J/kg °C); ρ is the density of concrete (kg/m3); and t is the time.

Eq. (1) can be presented in matrix form as below:

CṪ +KT = Q (2)

where C is the specific heat capacity matrix; K presents the thermal conductivity matrix including
conduction and convection; Q denotes the total heat flux vector for internal hydration and thermal
convection; T is the nodal temperature vector; and Ṫ denotes the time derivative of the nodal temper-
ature vectors.

The thermal conductivity coefficient in concrete generally decreases with rising temperature, es-
pecially near ambient temperature [21, 22]. Boundary conditions for Eqs. (1) and (2) are described in
the following equations.

At a constant temperature boundary, which is the temperature boundary condition of the founda-
tion soil

−k
∂T
∂n
= 0 (3)

where k is the direction cosine of the heat transfer surface under consideration corresponding to the
three spatial directions x, y, z and T represents the temperature at the boundary (°C).

At the heat transfer boundary, which is the interface between the concrete layers

−k
∂T
∂n
= qV (4)

in which qV is the heat generated per unit volume at time t (kcal/m3).
At the convection boundary, referring to the concrete surface in contact with either the formwork

or the environment
−k
∂T
∂n
= hc(T − T∞) (5)

here hc is the convection coefficient (kcal/m2.h.°C), T denotes the temperature at the convection
surface (°C), T∞ is the ambient temperature (°C), and n is the direction cosine of the heat transfer
surface under consideration.
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2.2. Heat source

According to references [1, 23], the amount of heat generated per unit volume of concrete and the
corresponding concrete temperature at various times during curing are established using Eqs. (6) and
(7), as follows:

qV =
1

24
ρCKe

−αt
24 (6)

T (t) = K(1 − e−αt) (7)

where qV is the heat generated per unit volume (kcal/m3); ρ presents the density of concrete (kg/m3);
C is the specific heat capacity of concrete (kcal/kg.°C); t is time (days); α denotes the coefficient that
indicates the extent of hydration, which ranges from 0 to 1; K describes the highest temperature of
concrete under adiabatic conditions (°C); T (t) denotes the temperature of concrete material at age t
(days) during heat curing (°C).

The degree of hydration in mass concrete α is influenced by various factors, including the cement
content, the initial temperature of the concrete mixture, and the age of the concrete.

2.3. The relationship between stress and temperature fields

According to references [1, 24], an increase in the temperature differential ∆T leads to a corre-
sponding increase in thermal stress within the concrete mass. This connection between thermal stress
and temperature differential is mathematically expressed by Eq. (8):

σ = EβR∆T (8)

where σ is the stress vector at the surveyed point (Kgf/m2); R denotes the strain resistance matrix
of concrete, which describes how concrete resists deformation under various stresses and conditions
and ranges from 0 to 1; E presents the concrete modulus of elasticity (Kgf/m2); ∆T is the temperature
gradient vector; and β is the thermal expansion coefficient of concrete.

The thermal crack index Icr of a concrete structure is defined as the ratio of tensile splitting
strength to the tensile stress induced by temperature changes throughout the thermal process. This
concept of thermal crack index Icr is proposed in the guidelines of the Japan Concrete Institute [1] and
the Korea Concrete Institute [25]. Formula (9) provides the calculation method for Icr, as follows:

Icr =
ft(t)
σt(t)

(9)

ft (t) = C1
[
t(a + bt)−1 f ′c (28)

]C2 (10)

where ft (t) is the design value of splitting tensile strength of concrete at time t (Kgf/m2), determined
by formula (10); σt(t) defines the tensile stress in the concrete structure at a given time t (Kgf/m2);
C1,C2 are constants that vary depending on the type of concrete; f ′c (t) denotes the compressive
strength of concrete at age t (Kgf/m2). In this study, the development of compressive strength of
concrete over time is determined according to ACI standards; t denotes the age of considering time
(days); a, b are factors which influence how the compressive strength of concrete develops over time,
depending on the type of concrete used. In this study, a, b are referred to Table 1; and f ′c (28) shows
the concrete’s compressive strength after 28 days.
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Table 1. Material and thermal properties

Property Unit Concrete Subsoil

Specific heat kcal/kg°C 0.25 0.2
Density kgf/m3 2500 1800
Heat conduction coefficient kcal/m.h.°C 2.3 1.7
Ambient temperature °C 20 -
Compressive strength gain coefficients ACI a = 13.9, b = 0.86 -
Modulus of elasticity kG/cm2 2.7734 × 105 1.0 × 104

Thermal expansion coefficient 1.0 × 10−5 1.0 × 10−5

Poisson’s ratio 0.18 0.2

2.4. The temperature parameters for finite element simulation
a. Specific heat capacity

According to the Japan Concrete Association [1], concrete’s specific heat capacity typically
ranges from 0.27 to 0.31 kcal/kg°C, whereas ACI 207.2R-07 [11] specifies a range of 0.22 to 0.24
kcal/kg°C. This paper adopts a specific heat capacity value of 0.25 kcal/kg°C, as in Table 1.

b. Thermal convection
The cumulative impact of natural convection is mathematically expressed by Newton’s cooling

law, as formulated in Eq. (11):
Q = hcA (TS − T∞) (11)

where Q is the heat flux (kcal/h); hc is the convection coefficient (kcal/m2.h.°C); A denotes the sur-
face area (m2); Ts presents the temperature at the surface of the block (°C); and T∞ is the ambient
temperature (°C). It needs to be noted herein that the convection coefficient hc depends on various fac-
tors including the type of flow, physical properties of the flow, average temperature of the surface in
contact with convection, position, geometric structure, contact area with the flow, and other relevant
parameters. Analyzing convection becomes particularly critical in the context of large concrete struc-
tures, where understanding temperature transfer between the concrete surface and the surrounding air
is essential.

2.5. Probability of thermal cracking P (Icr)
The quality of concrete structures is heavily influenced by cracks, making the prevention or con-

trol of cracks due to temperature crucial. The goal of a thermal crack control plan is to keep crack
widths below permissible limits. In the analysis of concrete masses, determining whether a structure
will develop cracks depends on whether the tensile strength of concrete exceeds the thermal tensile
stress that arises within the concrete mass. However, a significant concern arises from the potential
differences between the mechanical and thermal properties of concrete observed during design stage
and those encountered in actual construction [1]. The Japan Concrete Institute has established a corre-
lation between crack index Icr and the probability of thermal cracks P(Icr). This correlation is derived
by comparing thermal crack indices obtained from three-dimensional finite element analyses of actual
structures with observed data on whether thermal cracks have occurred. Formula (12) provides the
method for determining the thermal crack probability of concrete structures, and

P (Icr) = 1 − exp
[
−

( Icr

0.92

)−4.92]
(12)
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Figure 1. Correlation between crack index and thermal crack probability

Figure 2. The process of analyzing the
temperature-stress field in mass concrete

In concrete engineering, a thermal crack is
considered unlikely to appear when the crack in-
dex Icr is below a certain threshold. This thresh-
old indicates a low probability of thermal crack-
ing occurring under typical conditions. According
to the Japan Concrete Institute (JCI), for concrete
structures, a crack index Icr ≥ 1.85 corresponds
to a thermal crack probability ≤ 5% at which a
thermal crack is considered not to occur. If the
crack probability exceeds 5%, the component is at
a high risk of cracking. According to the techni-
cal standards of South Korea [25]: (i) to prevent
thermal cracks, the crack index Icr ≥ 1.5; (ii) to
limit the width of thermal cracks, 1.5 > Icr ≥ 1.2;
and (iii) to restrict harmful cracks 1.2 > Icr ≥ 0.7.
In this study, a crack index value of Icr = 1.5 is
chosen as the threshold to determine whether the
concrete structure has cracks or not. During anal-
ysis, if the crack index of the concrete mass is
Icr ≥ 1.5, it is concluded that the concrete mass
does not have cracks, and vice versa, as illustrated
in Fig. 1. Based on this, charts or formulas can be
referenced to determine the corresponding crack
index value. Measures taken to control thermal
cracks must ensure that the crack index remains
above the chosen threshold.

2.6. Process of analyzing the temperature-stress
field in mass concrete using FEM

The temperature - stress field in mass concrete in this study is analyzed by using the FEM. In this
study, MIDAS Civil software will be used for analyzing and investigating the numerical model. The
process consists of 9 steps as illustrated in Fig. 2.
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3. Verification
A large concrete sample with dimensions of 2.5 × 2.5 × 2.5 m will be tested, and the results

obtained from numerical simulations will be compared with the experimental results. Concrete that
have the strength grade of B30 and the slump of 16 ± 2 cm are used for this experiment. The mix
proportions of the upper and lower layers of mass concrete are described in Table 2. The formwork
system is made of steel formwork, which is braced with wooden battens that are combined with steel
braces and diagonal supports. The outside of the formwork system is wrapped with insulation ma-
terial to keep the heat within the concrete mass. During the construction phase, concrete material
is placed continuously using a boom pump and thoroughly compacted, as illustrated in Figs. 3(c)
and (d). After pouring the concrete and finishing the work of the concrete surface, a nylon layer
and a insulation material layer are applied to mass concrete to prevent heat from escaping that con-
crete mass. Dry-cured is adopted. The temperature of the concrete mass on the curing surface is
monitored to control the temperature difference between the center part and the surface part. The
experimental equipment includes temperature sensors in the concrete mass and ground temperature
sensors, a datalogger for data reading, curing temperature readers, formwork temperature readers,
and an environmental temperature and humidity measurement unit. The temperature measurement
positions within the concrete mass are shown in Fig. 3(a). There are three temperature measurement
piles located at the center, edge, and corner of concrete mass. Each pile has six temperature mea-
surement positions, as shown in Fig. 3(b), with two temperature sensors at each position. Placing
two temperature sensors in one position ensures accurate temperature control, ensuring that even in
unfavorable situations where a sensor fails, the results are still fully recorded. Thus, the concrete
mass will have 36 temperature sensors at 18 positions. Temperature data for the curing layer’s core,
the formwork surface, and the ground are also collected. When the concrete mass temperature ap-
proaches the ambient temperature, the curing layer is removed. Note that the ambient temperature
and humidity measurement process is continuously recorded, while in the first stage after pouring the
concrete, when the temperature rises, the concrete temperature is measured every hour. After that,
temperature is measured every 3 hours until the concrete temperature gradually stabilizes to ambient
at 216 hours [26]. The stress-temperature field analysis is performed using the finite element heat
analysis tool of Midas/Civil software [27]. The overall model includes 10000 solid elements and
11781 nodes, in which concrete mass model consisting of 1000 solid elements and 1210 nodes, and
ground model consisting of 9000 solid elements and 10571 nodes, as shown in Fig. 3(e).

(a) Temperature sensor placement (b) Details of the temperature probe
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(c) Concrete pouring work (d) On-site concrete block

(e) Numerical simulation of the concrete (f) Temperature field in the simulation

(g) Comparison of temperature development between simulation and experiment

Figure 3. Model and temperature regime of the mass concrete in the experiment

Table 2. Experimental concrete mix proportions

Cement
(kg/m3)

Fly ash
(kg/m3)

Additive
(kg/m3)

Sand
(kg/m3)

Gravel
(kg/m3)

Water
(kg/m3)

Top layer (0.5 m) 385.0 - 3.80 858.5 1015.0 131.5
Bottom layer (2.0 m) 308.0 77.0 3.80 858.4 1015.2 131.6

The temperature field distribution of the concrete block is shown in Fig. 3(f), while the com-
parison of temperature results between simulation and experimental data shows that the measured
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temperature development curve from the experimental concrete block and the numerical simulation
are relatively close, as illustrated in Fig. 3(g). The similarity in temperature development and the max-
imum temperature values at the three investigated axes - center, edge, and corner demonstrates the
reliability and accuracy of the numerical simulation process and method. The maximum temperature
at the central axis predicted by the numerical model is Tmax = 72.3 °C, compared to the experimental
result of Tmax = 74.4 °C, a difference of approximately 2.8%. The maximum temperature at the edge
axis predicted by the numerical model is Tmax = 59.1 °C, compared to the experimental result of Tmax
= 60.1 °C, a difference of about 1.7%. The similarity in the temperature development pattern and the
maximum temperature values at the surveyed points demonstrates the reliability and consistency be-
tween simulation and experimentation. This result proves the reliability of the numerical simulation
process using the Midas/Civil tool. Therefore, the extended simulation results presented in this paper
are valuable and can accurately reflect the real behavior of the stress-temperature field in the concrete
block.

4. Case study
The evaluation of the impact of construction technology factors on the effectiveness of controlling

thermal cracking in mass concrete is based on three main criteria: (i) maximum temperature Tmax,
surveyed at the center of the mass, (ii) temperature difference between the center and the surface of the
mass ∆T , and (iii) thermal cracking index Icr, surveyed at the edge where the tensile stress is highest.
The criteria for controlling thermal cracking will be chosen based on the specific conditions of each
project and the requirements of the investor. In this study, all three criteria will be used to provide
a comprehensive view of the thermal cracking control criteria. When considering the probability
of cracking, if the cracking index reaches Icr ≤ 1.5, the concrete structure will be considered to
have begun cracking. Five key construction technology factors will be surveyed to assess the extent
to which construction technology affects the effectiveness of controlling thermal cracking in mass
concrete: (1) concrete curing temperature; (2) initial temperature of the fresh concrete mixture; (3)
type of formwork; (4) type of cement; and 5) cement content used.

4.1. Numerical simulation model

The subject of the survey on the impact of construction technology is a typical large footing struc-
ture, including a soil mass with dimensions of 15.0 × 15.0 × 5.0 m and a concrete footing mass with
dimensions of 5.0 × 5.0 × 5.0 m, as illustrated in Fig. 4(a). The concrete material and heat of hydra-
tion analysis data are used as shown in Table 2. The concrete mix design for the large footing of the
Lotte Center building will be used in the study, with M400 or B35, as detailed in Table 3. The overall
model includes 10000 solid elements and 11781 nodes, with the concrete mass model consisting of
1000 solid elements and 1210 nodes and the underlying soil mass model consisting of 9000 solid
elements and 10571 nodes. Thermal boundary conditions of mass concrete are described in Fig. 4(b),
meanwhile, the temperature distribution and cracking index in the mass concrete are illustrated in
Figs. 4(c) and (d). It should be noted herein that the model is fully simulated and is shown with a
1/4 block for visualization purposes, and the subsoil is restrained by fixed connections. According
to [1], modeling reinforcement in mass concrete is unnecessary because the obstruction caused by
the reinforcement is generally insignificant, and thus, its impact on thermal stress is minimal. Many
studies on thermal problems in mass concrete do not consider the simulation of reinforcement in the
thermal analysis of mass concrete. In this study, reinforcement will be omitted in the model.
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(a) Configuration of the mass concrete (b) Thermal boundary conditions

(c) Temperature distribution (1/4 block) (d) Crack index distribution(1/4 block)

Figure 4. Model and temperature regime of the mass concrete

Table 3. Typical concrete mix composition

Sand
(kg)

Gravel
(kg)

Water
(l)

Binder
(kg/m3)

Cement
(%)

Fly ash
(%)

Admixture
(%Binder)

880 951 160 385 75 25 1.35

4.2. Numerical results and discussions
a. Effects of the curing temperature

To assess the impact of curing temperature on the development of the temperature field and ther-
mal cracking index, four analysis models with input data as shown in Table 1 and Fig. 4, are subjected
to varying curing temperature conditions around the block Tcu = 10 °C, 20 °C, 30 °C, and 40 °C. It is
also important to note that when the curing temperature is adjusted, the ground temperature and the
initial temperature of the concrete mixture will be maintained at 20°C, while other parameters will be
kept at standard values.

The analysis results show that with the solution to control thermal cracking in large concrete
blocks as mentioned above, as the curing temperature Tcuring increases, the surface temperature of
the block also increases. This minimizes the temperature gradient between the core and the surface
of the concrete block. When the curing temperature Tcuring increases from 10 °C to 40 °C, although
the maximum temperature at the core Tmax remains almost unchanged, the temperature difference
∆T decreases significantly from 45.9 °C to 22.4 °C, a reduction of more than 23.0 °C, as illustrated
in Fig. 5(a) and Table 4. This is beneficial for a thermal cracking control plan, meaning that the
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foundation block reduces the risk of thermal cracking. Considering the thermal cracking index Icr,
it can be seen that Icr increases as the curing temperature increases. At 100 hours after pouring, the
concrete block cured at Tcuring = 40 °C has an Icr = 0.92, while the block cured at Tcuring = 30 °C
has an Icr = 0.80, and the block cured at Tcuring = 10 °C has an Icr = 0.60, as shown in Fig. 5(b) and
Table 4. Clearly, with this thermal cracking control plan, the temperature difference between the core
and the surface of the concrete block decreases as the curing temperature increases. This reduction
in temperature difference reduces the tendency for the outer surface of the block to contract, thereby
limiting tensile stress due to temperature.

(a) The temperature gradient between the center
and the surface

(b) Crack index

Figure 5. Effects of the curing temperature on the temperature regime of mass concrete

Table 4. Effect of curing temperature on the temperature regime in the mass concrete

No Curing temperature
Temperature regime in the mass concrete

Tmax (°C) ∆T (°C) Icr (min) Time (h)

1 10 °C 66.8 45.9 0.60 100
2 20 °C 67.2 38.7 0.69 120
3 30 °C 67.6 30.6 0.81 120
4 40 °C 67.9 22.4 0.92 120

b. Effects of the fresh concrete temperature

To evaluate the effect of the initial temperature of the fresh concrete mix on the thermal regime
in mass concrete, the study analyzes four models, using input materials as shown in Table 1, anal-
ysis models as depicted in Fig. 4, and varying the temperature of the concrete mix Tmix = 10 °C,
20 °C, 30 °C, 40 °C. It should also be noted here that when the initial temperature is changed, the
ground temperature will be fixed at 20 °C, the ambient temperature will be fixed at 30 °C, and other
parameters will be fixed at common values.

The temperature development curves at the center and the surface of the mass concrete according
to the initial temperature changes of the concrete mix are shown in Fig. 6(a), while the comparison
chart of the corresponding cracking index is illustrated in Fig. 6(b). The analysis results show that the
higher the mix temperature Tmix during pouring, the higher the maximum temperature at the center
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(a) The temperature gradient between the center
and the surface

(b) Crack index

Figure 6. Effects of the fresh concrete temperature on the temperature regime of mass concrete

Table 5. Effects of fresh concrete temperature on the temperature regime in the mass concrete

No Fresh concrete temperature
Temperature regime in the mass concrete

Tmax (°C) ∆T (°C) Icr (min) Time (h)

1 10 °C 57.9 22.4 0.91 120
2 20 °C 67.5 30.6 0.80 120
3 30 °C 77.1 38.8 0.71 120
4 40 °C 86.8 46.9 0.61 100

Tmax of the mass concrete. When the initial temperature of the concrete mix is Tmix = 10 °C, the
maximum temperature at the center Tmax = 57.9 °C, but when the initial temperature of the concrete
mix increases to Tmix = 40 °C, the maximum temperature at the center also increases to Tmax =

86.8 °C at 120 hours after pouring the concrete. Similarly, the temperature difference ∆T also tends
to increase when the initial temperature of the concrete mix rises. For a concrete mix with an initial
temperature Tmix = 10 °C, the temperature difference between the center and the surface of the mass
concrete is ∆T = 22.4 °C, while for concrete mixes with initial temperatures of Tmix = 20 °C, 30 °C
và 40 °C, the temperature differences are ∆T = 30.6 °C, 38.8 °C và 46.9 °C, respectively, as shown in
Table 5. Considering the thermal cracking index, the mass concrete mix with an initial temperature
Tmix = 10 °C has the highest cracking index Icr = 0.91, indicating the lowest risk of cracking. In
contrast, the concrete mix with an initial temperature Tmix = 20 °C has a cracking index Icr = 0.80,
and when the initial temperature of the concrete mix rises to Tmix = 40 °C, the concrete will have
the lowest cracking index Icr = 0.61, as shown in Table 5. It can be seen that with the analyzed
conditions, reducing the initial temperature of the fresh concrete mix by 1 °C increases the cracking
index Icr by approximately 1.6%. This indicates that the initial temperature of the concrete mix is
a technological factor that directly and significantly affects the thermal cracking index, thus directly
influencing thermal crack control measures. Therefore, a comprehensive thermal crack control plan
must consider the initial temperature of the fresh concrete mix.

c. Effects of type of formwork
Formwork not only shapes the concrete but also influences its curing process and thermal man-

agement. The heat from the center of mass concrete is transferred to the environment through the
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formwork system. As a result, the material of the formwork is an important factor affecting this heat
transfer process. In modern concrete construction, various types of formwork made from different
materials serve multiple functions including wood, metal, plastic, and combinations thereof [21]. Ad-
vances in concrete technology have introduced metal formwork, which is durable and can be used
repeatedly throughout the construction process [19, 28]. To enhance its thermal insulation properties,
various insulating materials are applied [29]. To assess the impact of formwork types on the thermal
cracking index, numerical models will be analyzed with input materials as shown in Table 1, the anal-
ysis model as shown in Fig. 5, and changes in the formwork type used: (i) steel formwork, (ii) wood
formwork, (iii) aluminum formwork, and (iv) plastic formwork, as indicated in Table 6.

The analysis results show that with the solution to control thermal cracking in large concrete
blocks as mentioned above, the concrete block using formwork with a lower thermal conductivity
tends to have a higher maximum temperature at the core, but the difference is not significant. For the
solution using plastic formwork, Tmax = 67.8 °C, while the solution using aluminum formwork has
Tmax = 66.8 °C, as illustrated in Fig. 7(a) and Table 6. Considering the thermal cracking index Icr, it
can be seen that Icr increases when using formwork with lower thermal conductivity. At 120 hours
after pouring, the concrete block using aluminum formwork has an Icr = 0.70, while the samples of
the concrete blocks using steel, wood, and plastic formwork have Icr values of 0.72, 0.74, and 0.88,
respectively, as shown in Fig. 7(b) and Table 6. Thus, with the given structure and materials, it can
be observed that formwork materials with lower thermal conductivity tend to be more beneficial for
thermal cracking control.

(a) The temperature gradient between the center
and the surface

(b) Crack index

Figure 7. Effects of formwork on the temperature regime of mass concrete

Table 6. Effect of formwork type on the temperature regime in the mass concrete

No Type of formwork
Thermal conductivity coefficient Temperature regime

(W/m2.°C) kcal/(h.m2.°C) Tmax (°C) ∆T (°C) Icr (min) Time (h)

1 Plastic formwork 0.5 0.43 67.8 38.1 0.88 120
2 Wood formwork 8.0 6.88 67.4 37.7 0.74 120
3 Steel formwork 14.0 12.04 67.2 37.6 0.72 120
4 Aluminum formwork 205.0 176.27 66.8 36.1 0.70 100
5 Ambient 12.0 10.32 - - - -
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d. Effects of the cement type

Different types of cement generate varying amounts of heat, therefore, they will directly affect the
stress field and temperature development in the concrete mass [29]. Four types of cement commonly
used according to the Japan Cement Association will be utilized to investigate the influence of cement
type on the thermal regime in mass concrete: (i) normal Portland cement, (ii) moderate-heat Portland
cement, (iii) high-early-strength Portland cement, and (iv) Portland blast-furnace slag cement. Note
here that for each analysis model, the cement content and all boundary condition parameters are the
same. The temperature development of the mass concrete is mainly governed by the heat source from
the types of cement, as presented in Section 2.2. In this study, internal heat of hydration was estimated
by an exponential function which is mainly based on adiabatic temperature rise and the coefficient of
temperature rise. These values are defined based on default values suggested in Midas/Gen [27].

(a) The temperature gradient between the center
and the surface

(b) Crack index

Figure 8. Effects of the cement type on the temperature regime of mass concrete

Table 7. The effect of type of cement on the temperature regime of mass concrete

No Type of cement
Temperature regime of mass concrete

Tmax (°C) ∆T (°C) Icr (min) Time (h)

1 Normal Portland 67.1 38.7 0.69 120
2 Moderate-heat Portland 58.9 31.4 0.91 150
3 High-early-strength Portlan 72.4 43.1 0.61 100
4 Portland blast-furnace slag 66.1 37.6 0.72 120

The temperature development curves at the center and surface of the concrete mass for different
types of cement are illustrated in Fig. 8(a), while the crack index over time for the corresponding types
of cement is compared in Fig. 8(b). Analysis results from the program indicate that the temperature
gradient between the center and the surface ∆T is greatest when using high-early-strength Portland
cement, with ∆T = 43.1 °C. This ∆T value is lower when using normal Portland cement, with ∆T =
38.7 °C; Portland blast-furnace slag cement, with ∆T = 37.6 °C; and lowest when using moderate-
heat Portland cement, with ∆T = 31.4 °C. As shown in Fig. 8(b), the thermal crack index with the
maximum tensile force turned out to be 0.91 when using moderate-heat Portland cement. The thermal
crack index of the mass concrete with high-early-strength Portland cement was the lowest among
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mass concretes mixed with four types of cement, with Icr = 0.61. Meanwhile, the crack index of the
mass concrete when using normal Portland cement is Icr = 0.69, and the corresponding value when
using Portland blast-furnace slag cement is Icr = 0.72, as shown in Table 7. It can be seen that using
moderate-heat Portland cement for mass concrete is considered to be safer against potential cracks
than using other types of cement.

e. Effects of cement content
The effects of cement content on temperature development in mass concrete are significant.

Higher cement content generally leads to a higher heat of hydration, which can result in increased
internal temperatures. Strategies to mitigate these effects include using supplementary cementing
materials like ground granulated blast-furnace slag or fly ash, which lower the overall heat generation
[30]. In this study, binder content will be fixed to ensure that the designed strength of the mass con-
crete is not changed, but cement content will be varied by supplementing with fly ash. It should also
be noted here that fly ash is considered not to generate heat during hydration and changes in cement
content will lead to changes in the heat of hydration and thus changes in the stress and temperature
fields in the mass concrete. Furthermore, the maximum fly ash content that can replace cement while
still maintaining the designed strength of concrete varies, but it is commonly up to 30% of the ce-
ment content [31, 32]. In this study, four cases will be investigated with varying fly ash content: (i)
0%, meaning no fly ash replacement; (ii) 10%; (iii) 20%; and (iv) the maximum fly ash replacement
of 30%. As with other examples, while the fly ash content is varied, all other parameters are fixed.
Moderate-heat Portland cement, which is most effective in limiting the heat of hydration, will be used
for all four survey scenarios.

The temperature development curves at the center and surface of the concrete mass with different
cement contents are illustrated in Fig. 9(a), while the cracking index over time corresponding to
different cement contents is compared in Fig. 9(b). Analysis results show that reducing the cement
content or increasing the fly ash content in the mix increases the cracking index Icr, indicating a
reduced risk of thermal cracking in the mass concrete. At 70 hours after pouring, the concrete mass
without fly ash has Icr = 0.68, but when the fly ash content is increased to 10%, the cracking index rises
to Icr = 0.76, and when the fly ash content is 20%, the cracking index increases to Icr = 0.86. When
the concrete mass uses up to 30% fly ash, the cracking index rises to Icr = 0.97, as shown in Table 8. A
quantitative assessment shows that for each 1% increase in fly ash content, the cracking index Icr also

(a) The temperature gradient between the
center and the surface

(b) Crack index

Figure 9. Effects of the cement content on the temperature regime of mass concrete
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increases by 0.96%. From the temperature analysis perspective, the temperature gradient between the
surface and the center ∆T is greatest when the cement content is not reduced, with ∆T = 40.4 °C.
This ∆T value gradually decreases as the cement content is reduced, with ∆T = 36.7 °C if the cement
content is decreased by 10%, ∆T = 33.2 °C if the cement content is reduced by 20%. When the
cement content is reduced by 30%, the temperature difference between the center and the surface of
the mass concrete is only ∆T = 29.5 °C, as shown in Table 8. Thus, it can be seen that adjusting the
cement content, or effectively adding more fly ash, significantly affects the temperature development
in mass concrete. Reduced cement content increases the cracking index, indicating a reduced risk of
thermal cracking in the mass concrete.

Table 8. Effect of cement content on the temperature regime in the mass concrete

No Content of cement (%) Content of fly ash (%)
Temperature regime of mass concrete

Tmax (°C) ∆T (°C) Icr (min) Time (h)

1 100 0 69.6 40.4 0.68 70
2 90 10 65.4 36.7 0.76 70
3 80 20 61.0 33.2 0.86 70
4 70 30 56.8 29.5 0.97 100

5. Conclusions
A comprehensive numerical study was conducted using the thermal analysis tool of Midas/Civil to

evaluate the effects of construction technology factors on temperature development in mass concrete.
Based on the research results, the following conclusions can be made:

- The concrete curing has significant effects on the thermal crack control in mass concrete. The
higher the curing temperature, the higher the cracking index Icr, which means that the foundation
mass has a reduced risk of thermal cracks. For each 1 °C increase in the surface temperature of the
mass concrete, the cracking index increases by approximately 1.5-2.0%. Therefore, an appropriate
curing method should retain as much heat generated by the hydration process as possible.

- The lower the initial temperature of the concrete mix, the higher the cracking index Icr of the
concrete mass, meaning the risk of cracking is reduced. Correspondingly, for every 1 °C reduction in
the initial temperature of the concrete mix, the cracking index Icr increases by approximately 1.6%.
This indicates that the initial temperature of the concrete mix is a technological factor that directly
affects the thermal cracking index, and therefore, directly influences thermal crack control measures.

- Formwork materials with lower thermal conductivity tend to retain the heat generated by the
hydration process better. Thus, using formwork with low thermal conductivity, such as wooden form-
work, is more beneficial for thermal crack control.

- Using the moderate-heat Portland cement for mass concrete is likely safer against potential
cracks than using other types of cement.

- Adjusting the cement content through adding more fly ash has significant effects on the tem-
perature regime in mass concrete. Reduced cement content increases the cracking index, indicating
a reduced risk of thermal cracking in the foundation mass. A quantitative assessment shows that for
each 1.0% increase in fly ash content, the cracking index Icr also increases by 0.96%.
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