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Abstract: Large structural elements have been commonly observed in increasingly tall buildings, employing
mass concrete elements in their foundations. In these elements, the internal heat generated by the cement
hydration can be decisive for the occurrence of pathological manifestations arising from the balance of stresses
and also by delayed ettringite formation. This article presents a practical and expedited method, through
diagrams, for a preliminary assessment of the thermo-tensional risk involved in the concreting of large-scale
elements. For the development of thermal risk diagrams, the commercial software TSA-2D was used, where
64 numerical computational simulations were conducted, varying the parameters with the greatest influence
on the concrete thermal phenomenon (minimum dimension of the structural element, cement content per cubic
meter, cement hydration heat, concrete placement temperature, and ambient temperature). The result of this
methodology, when compared to computational simulations and field monitoring in a specific case study,
showed a good correlation, with the potential for application and reproducibility, considering the natural
limitations of an expeditious practice that needs to be evaluated on a case-by-case basis, but which provide an
important guideline in the early decision-making on-site. Furthermore, the maximum absolute error between
the results of computational simulation and field monitoring was only 1.6%.

Keywords: basement, mass concrete, concrete with ice, thermal simulations, thermal risk, cracking.

Resumo: Elementos estruturais de grande porte t€ém sido comum na implantagdo de edificios cada vez mais
altos, tendo em sua execugdo o concreto massa na solugdo da fundagao. Nestes elementos, o acimulo de calor
interno gerado pela hidratagdo do cimento pode ser determinante para a ocorréncia de manifestagdes
patoldgicas, oriundas do equilibrio de tensdes e, também, pela formagdo de etringita tardia. Este artigo
apresenta um método pratico e expedito, por meio de diagramas, para avaliagdo preliminar do risco termo-
tensional envolvido na concretagem de elementos de grandes propor¢des. Para o desenvolvimento dos
diagramas de risco térmico utilizou-se o software comercial TSA-2D, onde foram realizadas 64 simulagdes
numéricas computacionais variando os parametros com maior influéncia no fendmeno térmico do concreto
(menor dimens3o do elemento estrutural, consumo de cimento por metro cubico, calor de hidratagdo do
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cimento, temperatura de langamento do concreto e temperatura ambiente). O resultado desta metodologia, ao
ser comparado com simulagdes computacionais e monitoramento em campo em um estudo de caso especifico,
demonstrou boa correlagdo, com potencial de aplicagdo e reprodutibilidade, ponderando-se as naturais
limitagdes de uma pratica expedita que precisam ser avaliadas caso a caso, mas que garantem uma importante
diretriz nas primeiras tomadas de decisdo em obra. Além disso, o erro maximo absoluto entre os resultados
da simulag@o computacional ¢ monitoramento em campo foi de apenas 1,6%.

Palavras-chave: fundagdes, concreto massa, concreto com gelo, simulagdes térmicas, risco térmico, fissuragao.
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1 INTRODUCTION

In Brazil, notably, several researchers have delved into the subject of mass concrete in recent years [1]-[5]. In large
metropolises, land restriction in prime areas has led to the production of tall buildings in smaller spaces, which implies
high loads on the foundation elements. As a result, to guarantee stability, the foundation elements became massive,
requiring the use of concepts that were developed and improved for decades in concrete dams. Some of these concepts
will be presented below.

1.1 Mass concrete

Compared to so-called “normal” or “conventional” concrete, mass concrete exhibits a peculiarity: it struggles to
dissipate the heat generated by the exothermic chemical reactions of cement hydration. This phenomenon leads to
greater dimensional variations in the concrete, which, if constrained internally or externally [6], induces stress
development influenced by various factors such as the thermal and mechanical properties of the material, element
geometry, and ambient conditions. If these stresses exceed the tensile strength of the concrete at a given moment,
thermal cracking occurs, allowing the ingress of aggressive agents and potentially compromising the structure's
integrity [7]. Generally, mass concrete can be qualitatively defined as any volume of concrete with dimensions
significant enough to require measures for controlling internal heat generation and resulting volume variations, aimed
at minimizing cracking [8]-[10]. Moreover, the current trend of producing thinner and more reactive cement (with
higher levels of C3S and C3A) to meet industry demands for higher initial strength within tighter construction schedules
may exacerbate this issue [8].

Another concern related to overheating in mass concrete structures is the possibility of cracking caused by a
thermochemical reaction known as DEF (Delayed Ettringite Formation). It occurs when the primary ettringite (a
compound formed between calcium sulfate and aluminate), crucial for developing concrete properties, becomes
unstable at high temperatures, typically around 65-70°C [11]. This instability promotes sulfate enrichment in the
cementitious matrix, which, over months or even years, can lead to the formation of new ettringite through an expansive
reaction. Depending on the quantity and size of the crystals formed, the resulting stresses may exceed the concrete's
resistance, resulting in widespread cracking [12]-[14].

1.2 Numerical modeling

Hardening concrete presents one of the most challenging tasks in structural material modeling, owing to its complex
microstructure and the transformations it undergoes during cement hydration. In addition to chemical reactions
associated with hydration, numerous physical phenomena occur, such as phase changes, and various fields interact with
each other (thermal, hygro, mechanical, etc.), rendering the problem multifield and multiphysics [15], [16].
Consequently, two approaches are commonly adopted:

e  Pure thermo-chemical and mechanical models: These models treat concrete as a continuous medium and
neglect detailed analysis of physical processes related to phase transitions and chemical reactions during
hardening. Thermal strain is linked to temperature variation and the coefficient of thermal expansion, which
remains constant for sufficiently accurate predictions [17]. Numerous studies have compared model
estimations with experimental measurements [18]-[21].

e  Multiphase models: These models consider not only the solid phase but also the liquid and gaseous
components filling the material's pores, based on Multiphase Porous Media Mechanics (MPMM). They
provide a precise analysis of physical phenomena and the influence of the material's internal structure.
Validation of such models can be found in Pesavento et al. [15].
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These simulations offer an effective means of evaluating thermal risk in mass concrete elements. Discretized models
allow for the analysis of two fundamental factors: temperature, ensuring it does not exceed 65°C/70°C internally, and
stress, ensuring it does not surpass concrete tensile strength. However, the utilization of these analyses often requires
specialized software and expertise, limiting their widespread application.

1.3 Research Significance

In practical terms, it sometimes occurs that due to a lack of appropriate knowledge and practical procedures to assist
in defining structural elements requiring special attention regarding concrete's thermal issues, many concreting
operations are still carried out without precaution or prudence to mitigate such problems.

In building construction, common doubts arise regarding which elements should be treated as mass concrete
structures. Many available recommendations are based on a limited set of variables, often restricted to considerations
related to volume, making them susceptible to inaccuracies.

In this context, this article presents a preliminary methodology tool for evaluating thermal-tensional risk using quick
and comprehensive diagrams. The aim is to identify situations where additional control measures are necessary to
minimize the effects of internal heat generation in mass concrete elements. The entry data for this tool include cement
content, the heat of hydration, the smallest dimension of the element (height), concrete placement temperature, and ambient
temperature. The authors did not find a similar proposal in the consulted literature, making this preliminary analysis
methodology using expedited diagrams unprecedented. The tool is intended to guide and facilitate decision-making
regarding thermo-tensional modeling, considering input parameters that are easily obtained from mass concrete works.

However, it is important to note that the use of this preliminary tool does not replace the analysis of stress balance,
as it focuses solely on internal temperatures and their gradients. Extrapolation for stresses requires a more refined
analysis using specific thermal simulation programs [6], [22]. Even though, in regions of low and moderate risk on the
diagram, applied stresses tend to be potentially lower than the tensile strength, this does not exempt the need for
complementary analysis through thermal simulation.

2 CONCEPTS OF THERMAL RISK

Determining thermal risk in mass concrete elements is complex due to the simultaneous action of several factors,
making it challenging to generate models that accurately represent real conditions on-site [6], [22].

According to ACI 301-10 [23], if the minimum dimension of the concrete element exceeds 1.20 m and/or the cement
consumption of the concrete mix surpasses 390 kg/m?, deleterious effects related to thermal issues may arise.

Vicente et al. [24], using computer simulations, demonstrated that foundation blocks composed of concrete with
compressive strength (fck) > 40 MPa, cement consumption of 422 kg/m?, and plan dimensions equal to or greater than
3 m, with a height exceeding 1 m, may reach internal temperatures close to 65°C, indicating considerable susceptibility
to thermal risk.

Demétrio et al. [25] suggest that elements with the smallest dimension greater than 60 cm should be treated as mass
concrete elements.

Botassi [6] notes that concretes with compressive strength (fck) ranging from 45 to 90 MPa, cement consumption
between 400 and 650 kg/m?, and the smallest dimension equal to or greater than 40 ¢cm, may already require specific
thermal assessment.

It is observed that the smallest dimension of the element is a commonly used parameter for estimating preliminary
thermal risk in concrete structures. However, Bobko [26] reported significant divergence among recommended values
by various international entities, ranging from 0.90 m to 1.80 m. Thus, making an assertive definition solely based on
this criterion is challenging.

Another existing method, which considers only the geometry of the element, is the massivity index (M) proposed by
ACI 207.2R [27] (Equation 1). This index represents the relationship between the volume and the exposed surface of the
element, providing a comparative perception of thermal risk, with higher massivity indexes indicating greater risk.

Volume (1)

- Exposedsurface

Where:
Exposed surface: the one in direct contact with the air.
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Regrettably, there are no provided boundary values that would allow the classification of the structure as massive.

Concurrently, Botassi [6] presents an equation (Equation 2), valid for concretes made with cement CP I,
CP II, and CP V according to ABNT NBR 16697 [28] and strength class up to C40, with low thermal risk when the
result is equal to or less than 0.5, medium, when the result is between 0.5 and 0.8, imminent, when the result is between
0.8 and 1.4 and higher, when the result is greater than 1.4.

. VolumexSmallestdimension
Thermal risk = 2

Exposedsurface

Where:
Exposed surface: the one in direct contact with the air.

Another alternative approach to the concept of massivity, where the limits for classifying a structure as massive are
also presented, is proposed by Flaga [29], who uses the concept of surface modulus (Equation 3).

2
Ms = ExposedSurface[m*] (3)

Volume[m3]

For Ms values below 2, the structures are considered massive, with a predominant impact of thermal shrinkage and a
condition close to the adiabatic state in their core. For Ms values between 2 and 15, the structures are classified as
“semi-massive”, presenting a considerable impact from drying and thermal shrinkage. For Ms values above 15, the
structures are classified as “thin walls”, with a negligible thermal impact.

It is noted that equations based on the principle of massivity, which exclusively takes into account the geometry of
the element, provide a simple and relatively quick assessment of the potential for thermal cracking. However, the
influence of several other factors, in addition to geometry, significantly affects the assessment of concrete's thermal
risk, limiting the accuracy of these equations.

In this regard, recently, Kanavaris et al. [30] aimed to obtain more accurate estimates by proposing the improved
massivity index (Mcor) (Equation 4) as an enhancement of the surface modulus (Ms). This modification incorporates
dimensionless coefficients representing the effects of cement type, its content, and the temperature differential reached
by the structure.

Ms

Meor = ey wkpxiear 4)

Where:

ke is a correction factor for the potential hydration heat released by a cement other than that considered in the standard
mass index (Type I Cement according to ASTM C150/C150M [31]). This coefficient is calculated using the ratio
between the heat of hydration of the cement to be used (Qsem, in J/g) by the heat of cement type I (Qcemr, in J/g) admitted
equal to 366 J/g, according to Equation 5.

kf — Qscm (5)

chml

ks is the correction factor related to the cement content, calculated through Equation 6.

Cementcontent
ky = —— (6)

300

kar is the correction factor related to the temperature differential, calculated through Equation 7.

kAT — Trresh—TambienttTadirise (7)

Tadi,rise
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Where:

Thesh 18 the concrete placing temperature;

Tambient 1S the outside temperature;

Tadisise 18 the internal temperature rise due to cement hydration under adiabatic temperature conditions, which may be
estimated according to Figure 1.

72 2
66 1.8
60

1.6
54

1.4
a8

£ a2 12

2 36 1 £

S 30 ia

£ 24 -

o .

g 18 -

=12 ’
& 0.2
0 0

0 50 100 150 200 250 300 350 400 450 500 550 600
Binder content [kg/m?]

Figure 1. Relationship between binder content and approximated temperature rise in concrete and kb correction factor [27].

This approach, when compared with the original massivity index, yields more reliable results [30]. However, it is
important to highlight that this is a simplified method in which the constants of the enhancement coefficients were
proposed through a practical approach. Furthermore, this method does not consider restriction levels, as well as the
thermal and mechanical properties of concrete. Therefore, as concluded by the authors, further refinements and
validations through computer simulations are necessary.

Concurrently, Gajda [32] presents the results of exhaustive computer simulations in the form of a graph (Figure 2)
depicting the combination of cement content and the minimum dimension of the element. This graph forms a map with
three levels of thermal risk based on these bi-univocal compositions. The green region indicates low thermal risk, the
yellow region represents an indeterminate range subject to the user's discretion, and the red region signifies high thermal
risk, suggesting that elements falling within this area must be treated as mass concrete.

Equivalent Placement Thickness (Minimum Dimension) (m)

Cement Content
(ke/m?) 0.15|0.30(0.46(0.61/|0.76|0.91|1.07|1.22|1.37|1.52|1.68 | 1.83(1.98|2.13|2.29 (2.44(2.59|2.74| 2.90(3.05

148
178
208
237
267
297
326
356
386
415
445
475
504
534
564
593

Figure 2. Minimum dimension x Equivalent cement content for normal density concrete (Adapted from Gajda [32]).
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The proposed methodology stands out not only for its practicality compared to the application of massiveness
coefficients but also for its expected ability to yield more accurate results. This is because the method was developed
based on the outcomes of computational simulations, enhancing its accuracy. However, the main challenge lies in
considering heat generation, where binder consumption and hydration heat are taken into account through an
“equivalent content.” This equivalent content is calculated based on a series of weightings related to the number of
additives of each type of cement, with the method initially developed for American type I and II types of cement
according to ASTM C150/C150M [31]. This may pose a challenge in the Brazilian context, given the wide variation
allowed in these additives during cement manufacturing. Additionally, the method does not address considerations
related to concrete properties nor specify any potential restrictions for its application.

3 METHOD

To achieve greater accuracy in assessing potential thermal risks using quick diagrams, five parameters strongly
influencing the thermal phenomenon in mass concrete were correlated. These parameters include the minimum
dimension of the structural element (height), cement content per cubic meter, cement hydration heat, concrete
placement temperature, and ambient temperature.

For the development of the thermal hazard diagrams, TSA 2D software, version 5.9 of 2021 [33], was utilized and
compared with several case studies of real works, calculated through computer simulations. This software enables
modeling in the thermo-chemical-mechanical field and simulation of mass concrete elements at early ages in a transient
regime, using the finite element method (FEM) to resolve temperature and stress fields. Sixty-four computational
numerical simulations were conducted (see Figure 3), divided into two sets of thirty-two simulations each.

The first set considered concrete casting in the formwork at a temperature of 20°C, taking into account the possibility
of cooling the concrete. The second set of simulations considered concrete pouring at a temperature of 30°C. Each set
of thirty-two simulations was further subdivided into sixteen simulations for each minimum dimension considered,
namely 1 meter and 3.5 meters, respectively.

Within these sets, four simulations were conducted for each cement consumption rate, established at 300, 340, 380,
and 420 kg/m>. The cement hydration heat at 168 hours was varied to predefined values of 250, 290, 320, and 360 J/g.

Confection of diagrams
(64 simulations)

Concrete placing temperature = 30 °C
(32 simulations)

Concrete placing temperature = 20 °C
(32 simulations)

Minimum dimension =
1.0 meter
(16 simulations)

Minimum dimension =
3.5 meters
(16 simulations)

Minimum dimension =
1.0 meter
(16 simulations)

Minimum dimension =
3.5 meters
(16 simulations)

Cement content: 300
kg/m?
H.H.: 250, 290, 320 and
360 J/g
(4 simulations)

Cement content: 300
kg/m?
H.H.: 250, 290, 320 and
360 J/g
(4 simulations)

Cement content: 300
kg/m?
H.H.: 250, 290, 320 and
360 I'g
(4 simulations)

Cement content: 300
kg/m?
H.H.: 250, 290, 320 and
360 I/'g
(4 simulations)

Cement content: 340
kg/m?
H.H.: 250, 290, 320 and
360 J/g
(4 simulations)

Cement content: 340
kg/m?
H.H.: 250, 290, 320 and
360 Jig
(4 simulations)

Cement content: 340
kg/m?
H.H.: 250, 290, 320 and
360 Jig
(4 simulations)

Cement content: 340
kg/m?
H.H.: 250, 290, 320 and
360 J/g
(4 simulations)

Cement content: 380
kg/m?
H.H.: 250, 290, 320 and
360 J/g
(4 simulations)

Cement content: 380
kg/m?
H.H.: 250, 290, 320 and
360 I/g
(4 simulations)

Cement content: 380
kg/m?
H.H.: 250, 290, 320 and
360 Ii'g
(4 simulations)

Cement content: 380
kg/m?
H.H.: 250, 290, 320 and
360 I/g
(4 simulations)

Cement content: 420
kg/m?
H.H.: 250, 290, 320 and
360 J/g
(4 simulations)

Cement content: 420
kg/m?
H.H.: 250, 290, 320 and
360 I/g
(4 simulations)

Cement content: 420
kg/m?
H.H.: 250, 290, 320 and
360 I'g
(4 simulations)

Cement content: 420
kg/m?
H.H.: 250, 290, 320 and
360 I/'g
(4 simulations)

Figure 3. Methodology for the development of thermal risk diagrams. Note: H.H.: Heat of hydration at 168h measured using the
Langavant bottle test (ABNT NBR 12006:1990) [34].
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3.1 Limitations and restrictions

The expedited thermal risk analysis diagrams are applicable for concrete elements that have the following
conditions:

e Compressive strength (axial) at 28 days (fck) > 40 MPa;

e Modulus of elasticity at 30% breaking load < 30 GPa at 28 days of age;

e Density between 2,200 and 2,500 kg/m?;

e Large structural elements, with emphasis on foundation blocks, footings, and rafts, whose minimum dimension
is greater than 100 cm (1 m) and the others greater than 300 cm (3 m), and also with a contact area with the
subgrade on its base and/or relevant sides (usually ground).

It is inferred from these conditions that other structural elements subject to thermal risk are not subject to the
application of the diagrams, as in the case of columns and beams of large sections, special structural elements of dams,
and bridge elements, among others.

3.2 Hypotheses assumed

Some hypotheses for using the expedited thermal risk assessment diagram were adopted conservatively and will be
presented below.

3.2.1 Properties adopted for the supporting soil

To obtain a good correlation with reality, in computational simulation, the consideration of materials contiguous to
the main material (concrete) is allowed. So, to represent the supporting soil, the properties shown in Table 1 were
adopted.

Table 1. Properties adopted for the support soil.

Thermal . . . Modulus of
Conductivity® Density®®) Specific Heat®® Thermal expansion® elasticity
(W/m.°C) (kg/m®) (J/kg.°C) (10°/°C) (GPa)

0.694 1800 1000 2.00 0.002

Source: (VBotassi [22]; ®Vicente et al. [24]; ®Botassi [35]; @Emborg [36]; ©Kreith and Black [37]; ©Funahashi et al. [38]

3.2.2 Properties adopted for concrete

The thermal properties of concrete are strongly influenced by aggregates, especially the coarse ones. In the city of
Sdo Paulo, there is a predominance of limestone and granite lithology aggregates, therefore, the thermal properties of
concrete were established based on these characteristics (Table 2).

Table 2. Properties adopted for concrete

Thermal Conductivity® Density® Specific Heat® Thermal expansion®
(W/m.°C) (kg/m?) J/kg.°cC) (10°/°C)
2.669 2401.5 947 10.00

Source: (VACI 207.2R-07 [27]; @®Gamballe et al. [39]; ®ABNT NBR 6118 [40].

For the mechanical properties, a compressive strength of concrete at 28 days (fcx) equal to 40MPa was considered,
and its evolution with time (up to 28 days of age) was defined based on Equation 8§ (item 12.3.3 of ABNT NBR
6118:2014 [40]) considering the type of cement as CP III and CP IV with s=0.38. The tensile strength (fe,m, Equation
9) and the modulus of elasticity of concrete (Eci, Equation 10) were estimated from the compressive strength (Equation
8), also recommended by the same Brazilian standard, addressed in items 8.2.5 and 8.2.8, respectively.

(o.38x[1—(?)%]) X for ®)

fck,j =e€
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2/3

fct,m,j =03 X (fck,j) )

1/2

Eci,j = 0.9 x 5600 x (fck.j) -

The viscoelasticity of the material was considered through the creep function of the Bureau of Reclamation [41]. The
coefficients of this function were obtained using the expression by Botassi et al. [42].

3.2.3 Temperature elevation

The temperature increase resulting from exothermic cement hydration reactions primarily depends on the heat
release rate of the cement, which is an intrinsic property of the material, as well as its content per cubic meter. The heat
release rate of a specific cement can be measured using standardized tests, such as the method outlined in ABNT NBR
12006:1990 [34], commonly utilized by cement and concrete companies.

Figure 4 shows the hydration heat curves of the main cement available in the city of Sdo Paulo, measured by the
Langavant Bottle method [34]. In the simulations, to build the diagrams, hydration heat curves were parameterized
through the final value of 168 h, whose evolution over time was defined as a function of the average of the four curves.

Heat of hydration by the Langavant bottle method
(J/g)

w b
u 9
o O

Heat of hydration (J/g)
N NW
£ Y LY
= B~ 28 |
R
4

150
100 wﬂ"
50
0o L ¥
0 20 40 60 80 100 120 140 160 180
Time (hours)
—¢—CementA —@—CementB —®—CementC Cement D

Figure 4. The heat of hydration of the main cement available in the city of Sdo Paulo. Note: This figure was prepared based on the
results of the heat of hydration tests of the four main types of cement that serve the Sao Paulo market, de from technical
consultancy services that the authors provided between 2021 and 2022.

3.2.4 Boundary conditions and dimensions of the “standard” computational model

The dimensions of the computational model in plan view were defined as 10 m x 10 m with heights of 1 m and
3.5 m. The ambient temperature considered was 25°C (close to the annual average of Sdo Paulo). Heat exchange by
convection was estimated at the top of the structural element (13.5 W/m?°C) and at the sides (3.0 W/m?°C) [43], with
heat exchange between concrete/air (without curing damp) and concrete/wooden formwork, respectively.

3.2.5 Cracking risk

The thermal cracking risk analysis used in the diagrams assumes that when the internal tensile stresses induced by
thermal effects exceed the mechanical resistance, represented by the tensile strength, there is a likelihood of concrete
cracking. This concept has been discussed extensively in the works of Botassi [6], [22], as well as in other reputable
sources [7], [8], and [10].

The thermo-tensional analysis employed in the TSA-2D software, used for developing the diagrams, utilizes a
thermo-coupled viscoelastic model. This means that stresses are calculated in the elastoplastic state of concrete,
considering the effects of creep, and concrete properties are influenced by the temperature generated by the hydration
reaction of the binders, based on the maturity model of the Arrhenius function.

A post-cracking structural damage analysis model was not included in the diagram development, as the onset of
cracks is typically considered detrimental to structures subject to thermal effects, reaching the ELS (Elastic Limit State)
and, in more critical situations, the ELU (Ultimate Limit State) [6].
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4 RESULTS, DISCUSSION AND CASE STUDY

Figures 5 and 6 present the expedited diagrams of thermal risk under two conditions: with the concrete pouring
temperature at 30°C (probably without ice) (Figure 5) and 20°C, probably with ice (Figure 6), with an ambient
temperature of 25°C, close to the annual average for Sdo Paulo.

Concrete Placing Temperature: 30°C
Ambient Temperature: 25°C

- RISK: HIGH

Thermal risk

RISK: LOW

0.5 1 15 2 25 3 3.5 4
Element Height (Minimum dimension) (m)

—® -Content 300 / H.H. 250 «+X: « Content 300 / H.H. 290 === Content 300 / H.H. 320 =4 Content 300 / H.H. 360

—B® -Content 340 / H.H. 250 « X+« Content 340 / H.H. 290 =—@==Content 340 / H.H. 320 = & Content 340 / H.H. 360

Content 380 / H.H. 250 Content 380 / H.H. 290 Content 380 / H.H. 320 Content 380 / H.H. 360

—®B -Content 420 / H.H. 250 «+X+ « Content 420 / H.H. 290 8= Content 420 / H.H. 320 — & Content 420/ H.H. 360

Figure 5. Diagram of thermal risk (Concrete Placing Temperature = 30°C)
Note: H.H. = Heat of hydration in Joule/gram at 168h, measured using the Langavant bottle test (ABNT NBR 12006:1990) /
Content = Cement content of the concrete mix in kg/m?.

Concrete Placing Temperature: 20°C
Ambient Temperature: 25°C

—
== RISK: HIGH

—
&n
=
©
£
E
o
=
=
RISK: LOW
X
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Figure 6. Diagram of thermal risk (Concrete Placing Temperature = 20°C)
Note: H.H. = Heat of hydration in Joule/gram at 168h, measured using the Langavant bottle test (ABNT NBR 12006:1990) /
Content = Cement content of the concrete mix in kg/m?.

Rev. IBRACON Estrut. Mater., vol. 17, no. 4, e17412, 2024 9/17



B. Pessoa et al.

The thermal risk limits were determined based on technical literature, considering the maximum temperature peak
in the structure and indirectly the potential tensional effects leading to cracking, aiming to simplify the modeling
process. To utilize the diagrams, three measures must be known (assuming the ambient temperature and concrete
placing temperature are fixed): the height of the structural element (starting from 100 cm), hydration heat at 168h, and
cement content in the suggested combinations presented, which allow for interpolation in more specific cases. By
selecting the most suitable combination (indicated by the sloping lines displayed in the graph area), one can
parameterize with the minimum dimension of the element on the abscissa axis and, thus, determine the thermal risk in
the graph region along the ordinate axis, indicated both by name and colorimetric indicator.

As mentioned by Mehta and Monteiro [8], more reactive cement is appreciated by the industry because it develops
initial strengths more rapidly, allowing faster formwork removal. On the other hand, they tend to release greater
amounts of heat, which can be a problem for mass concrete structures. In this context, it is highlighted in Figure 6 that
there is a possibility that a concrete mix, with the same cement content, could incur in three different thermal risks (low,
moderate, and high), when considered to compose an element whose minimum dimension is 1 meter. This distinction
will depend on the reactivity of the cement, measured by its heat of hydration, most notably the value in Joules/gram
of cement at 168 h.

It is also noted in Figures 5 and 6 that for the same hydration heat curve, the slope of the lines (inclination) remained
practically unchanged. However, the slope was higher for cement with lower hydration heat. Precisely, the lines with a higher
slope, or greater increase in thermal risk with the increase in height, occurred for the cement with 250 J/g at 168 hours.

This phenomenon can be attributed to the slower release of heat in the initial phases, causing a delay in the internal
temperature peak. This condition facilitates greater heat exchange with the environment in blocks of lesser height, resulting
in a lower relative internal temperature, while in taller blocks this exchange becomes progressively more difficult.

Taking as an example the comparison between the lines Content 380 / H.H. 250 and Content 300 / H.H. 290, the
former would have a heat release about 10% higher than the latter, under adiabatic conditions. However, its thermal
risk, associated with lower internal temperatures, proved to be lower at a height of 1 meter, whereas at a height of 3.5
meters, this condition was reversed.

4.1 Case study

A case study is presented below, of a work whose structural element object of analysis is a foundation block with
plan dimensions of 12.65 m and 8.5 m with a height of 2.7 m, resulting in a volume of approximately 290 m>. Initially,
a qualitative assessment was conducted using diagrams to evaluate the thermal risk associated with the pouring process.
Subsequently, computer simulations were performed using TSA-2D software (version 5.9, 2021) to assess the accuracy
of the responses obtained from the diagrams. Additionally, the foundation block was instrumented with thermocouples
connected to data loggers to measure the internal temperature rise, particularly at the geometric center of the block,
with temperatures recorded hourly.

Design requirements were fix of 40 MPa and Ec (0.3 f¢) of 30 GPa at 28 days of age. Table 3 shows the concrete
mix used.

Table 3. Concrete mix design applied in the structure.

Cement CPIII Artificial Gravel

40-RS® Silica fume Natural Sand Sand 9,5mm Gravel 19mm Admixture Water + Ice
(kg/m3) (kg/m?) (kg/m3) (kg/m3) (kg/m3) (kg/m?) (kg/m?) (L/m3)
342 22 332 498 212 847 3.0 182

Note: WAccording to ABNT NBR 16698:2018 [28].

The heat of hydration of the cement used in the mix design (Table 3) was characterized, and the values are shown
in Table 4.

Table 4. Heat of hydration curve for the cement considered in the mix design.

Heat of hydration by the Langavant bottle method (J/g) (ABNT NBR 12006:1990)
6 hours 12 hours 24 hours 41 hours 48 hours 72 hours 120 hours 168 hours
23 129 242 269 271 274 281 288
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The input parameters needed for the thermal risk analysis through diagrams assessment are shown in Table 5.

Table 5. Volumetric representation and input parameters for consulting the thermal risk diagram.

Input parameters Values Mealsll:lli'::sment
Minimum dimension (height) 2.70 meters
Cement content 342 kg/m?
Cement hydration heat 288 J/g (168h)
Placing temperature <30 °C
Average ambient temperature 25 °C

With the initial data, the diagram can be consulted (Figure 7), following the steps:

1. On the abscissa axis (X axis), draw a vertical line at the coordinate next to 2.7 m, referring to the minimum dimension
of the element under study (height) (indicated with the number 1, in Figure 7);

2. The second straight line will be drawn based on the heat of hydration and cement consumption data. To do this,
choose the most convenient position on the diagram for the inclined Cement content 342 / H.H. 288, already
located in Figure 7 (indicated with the number 2);

3. The thermal risk level is then obtained at the intersection of lines 1 and 2, and as a result, we have a high risk,

indicating that, if produced as shown, cracking due to thermal problems would be a very likely consequence (High
Risk).

Concrete Placing Temperature: 30°C
Ambient Temperature: 25°C
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Figure 7. Evaluation of the risk of thermal cracking for cement content 342 / C.H. 288. Note: H.H. = Heat of hydration in
Joule/gram at 168h, measured using the Langavant bottle test (ABNT NBR 12006:1990) / Content = Cement content of the
concrete mix in kg/m?.

The response provided by the diagram indicates the necessity for additional measures to address the thermal issue.
Some possible recommendations include: conducting a rational dosage study aimed at reducing cement consumption
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(which has already been carried out in the laboratory phase, including the replacement of part of the cement with
pozzolanic additions such as silica fume), replacing the current cement with one that has a lower hydration heat (also
explored during the laboratory phase), dividing the element into layers during concreting, pre or post-cooling of the
concrete, among others. These options require further investigation for a comprehensive assessment of the problem and
for proposing the most suitable solutions.

In the following (Figure 8), the level of thermal risk associated with pouring the same structural element is assessed,
this time considering the casting of concrete in forms at temperatures equal to or lower than 20°C (as depicted in the
diagram in Figure 6). It is evident that, for this purpose, in the city of Sdo Paulo, it is necessary to cool the concrete, for
example, by replacing a portion of the mixing water with ice.

Concrete Placing Temperature: 20°C
Ambient Temperature: 25°C

A
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Figure 8. Evaluation of the risk of thermal cracking for cement content 342 / C.H. 288. Note: H.H. = Heat of hydration in
Joule/gram at 168h, measured using the Langavant bottle test (ABNT NBR 12006:1990) / Content = Cement content of the
concrete mix in kg/m?.

This time, the analysis indicates a low risk of thermal cracking. Therefore, it is understood that if implemented
under these conditions, temperatures would likely not exceed 65°C.

4.2 Validation: computational thermomechanical simulations

As previously mentioned, in the computational simulations that generated the thermal risk diagrams, and to broaden
their applicability, average thermal properties typical of concretes produced with granitic and limestone aggregates
were considered due to their greater availability in the city of Sao Paulo. However, for the upcoming case study
involving a real construction project, the simulations were conducted using the specific concrete mix of the project,
with thermal properties characteristic of concretes primarily made from limestone aggregate lithologies (as detailed in
Table 6). It is important to highlight that, as the diagrams aim to provide a qualitative response in terms of risk, these
slight modifications in the thermal properties did not show a significant impact on the results.

For direct comparison with the diagrams, concrete placing temperatures of 30°C and 20°C will be considered, with
the potential use of ice. Table 6 summarizes the data adopted for the computational thermomechanical study. The TSA-
2D software (version 5.9, 2021) was utilized for the thermomechanical simulations, employing a square-type mesh with
a maximum dimension of 25 cm, as depicted in Figure 9c.

Rev. IBRACON Estrut. Mater., vol. 17, no. 4, 17412, 2024 12/17



B. Pessoa et al.

Table 6. Summary of data adopted for the computational thermomechanical study.

. Material
Property Description Concrete Support soil
Physical Density (kg/m?) 2446 1800
Compressive strength (fck) 40 -

Flexural tensile strength (MPa) 3d:0.84/7d: 2.28/
XU .
28d: 4.0/ 63d: 4.4

Mechanics
3d: 14.6/7d:24.1/
Modulus of elasticity (GP: 0.002
odulus of elasticity (GPa) 28d: 30.0/ 63d: 32.0
Thermal Expansion (107¢/°C) 10 2
Viscoelastic Coef. of creep [10°/MPa/In(day)] (a: 4.2 /b:25.2)M -
Thermal conductivity (J/s/m/°C) 2.5 0.694
Thermal .
Specific heat (J/kg/°C) 940 1000

Note: (DCreep coefficient obtained through the expression of Botassi et al. [42] / (3d): at the age of 3 days / (7d): at the age of 7 days / (28d): at the age of 28
days / (63d): at the age of 63 days.

Figure 9 presents the proposed discretized model, for computational simulation in a transient regime.

Segdo transversal

CROTCE v

Figure 9. Discretized computational model for thermomechanical analysis of the proposed foundation block: (a) Photograph of the
foundation block; (b) Volumetric representation (3d) of the materials considered in the thermomechanical simulation; (c) Square mesh
of finite elements with maximum dimension of 25cm (cross section); (d) Development of temperatures along the cross-section.

Through Figures 10a and 10b, it is possible to observe the increase in the maximum internal temperatures (in the
center of the block) for the pouring of concrete with a placing temperature of 30°C, as well as the maximum imposed
and resistant stresses, respectively.

Simulation: Time x Temperature (@) Simulation: Time x Stress (b)
i | 2
. t,.= 70,6°C @46h o (applied)=5,1MPa
3"_{ 60 = 0 & (resistant)=4,4MPa
v o
2 50 s 2
= 2
g <0 £
o (2]
= 30 6
O 0O © © 0O O 0O © © o o O 0 0O 0O o O 0O 0o o0 o o
SRR R AR SReS2S8c88s
Time (h) Time (h) -
Placing temperature = 30 °C —— Applied stress Resistant stress

Figure 10. (a) Development of maximum internal temperatures at the center of the structural element — Placing temperature 30°C
(simulation); (b) Development of the maximum applied and resistant stresses - Placing temperature 30°C (simulation).

Rev. IBRACON Estrut. Mater., vol. 17, no. 4, 17412, 2024 13/17



B. Pessoa et al.

It appears that the maximum internal temperature reached a peak of around 70.6°C within 46 hours after placing
the concrete in the formwork (Figure 1a), indicating a high risk for the formation of DEF, as this value exceeds the
critical range of 65°C to 70°C. The applied stresses exceeded the resistant ones approximately 220 hours into the
simulation (Figure 10b), indicating a strong tendency for the concrete to crack.

Similarly, Figures 11a and 11b depict the development of maximum temperatures and internal stresses when placing
concrete in the formwork at temperatures of 20°C (potentially cooled with the use of ice).

Simulation: Time x Temperature (a)
65

Simulation: Time x Stress (b)

N

oG55 N b 39,8°C @50h " & (applied)=3,9MPa
== | ™ o G (resistant)=4,4MPa
gas |f s o
= [ —~— S-2
© | — =
£3s | et >
g2 | g4
§% 1 &
P s 6 .
0O 9 9 9 9 9 2@ @ 9 9 9 c 9 2 2 9 2 2 g8 g 8
S RRARSTIBIB8RI 8 A8 @mY @ 3R a8
Time (h) - Time (h)
—— Placing temperature = 20 °C —— Applied stress Resistant stress

Figure 11. (a) Development of maximum internal temperatures at the center of the structural element — Placing temperature 20°C
(simulation); (b) Development of the maximum applicant and resistant stresses - Placing temperature 20°C (simulation).

This time, the simulations indicate a maximum temperature peak of 59.8°C occurred after 50 hours of simulation,
in the center of the structural element (Figure 11a), and the stresses did not exceed the tensile strength of the concrete
at any moment, thermal cracking is less likely.

These results corroborate the responses obtained through the diagrams (Figures 7 and 8) which, expeditiously,
enabled the preliminary assessment of thermo-tensional risk.

4.3 Validation: measured and simulated temperatures

Figure 12 shows the monitoring of the temperature rise of the concrete applied, measured at the geometric center of
the foundation block. Monitoring was carried out for 118 hours and for this purpose a constantan copper “K”
thermocouple cable was used, connected to a data logger by Extech, model SDL200.

Comparison: Temperatures measured inside the structural element x
computer simulation

65
60 == . l

55

&)
Z 50
o z
= 45 Maximum measured
s 40 temperature of 60.8 °C,
g 3 49 hours after pouring
2 30 concrete

25

20

15

0 10 20 30 40 50 60 70 80 9 100 110 120
Time (hours)
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Figure 12. Concrete temperature evolution, measured using thermocouples in the geometric center of the
foundation block x simulated.
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The maximum temperature, which occurred in the center of the concrete element, reached a peak value of 60.8°C,
after 49 hours of concreting. This value is very close to that obtained through simulation (59.8°C) expected to occur 50
hours after the start of concreting. The difference between predicted through simulation and what happened in practice
was only 1.6%, revealing good adherence of the model to reality.

It is also important to note that due to the impossibility of effectively controlling variables such as the ambient
temperature in a case study of this type, the actual average temperature of the concrete poured into the forms was 18°C,
which is below the established critical limit of 20°C.

For comparison, in conditions where heat exchange is hindered (almost adiabatic condition), as in the core of large
dimension elements, it is common to consider a proportional relationship between the placement temperature and the
final maximum temperature reached. In other words, if the concrete were placed at 20°C, its maximum internal
temperature would be approximately 62.8°C, incurring only a 5% deviation from what was predicted by the prior
simulation and remaining below the 65°C mark.

Additionally, the software TSA-2D employs the thermochemical-mechanical approach for modeling and simulating
structural elements. In this context, it is worth noting that this approach tends to yield results highly consistent with real
measurements, as demonstrated in this and other previous studies [1]-[5].

5 CONCLUSIONS

It is considered that the expedited diagrams were satisfactory in the preliminary assessment of the thermal risk
involved in pouring the proposed foundation block, making it possible to estimate it with good precision.

As already explained, the thermomechanical analysis of concrete is divided into two fundamental and indispensable
parts: thermal and tensional. The thermal risk diagrams contemplate the thermal analysis of the concrete and indirectly
address the effect associated with the tensional risk, which, as it involves parameters of greater complexity and is difficult
to simplify, must have its analysis confirmed using computational models that faithfully represent field conditions.

Finally, although the thermal risk diagrams do not claim to assess the tensional risks involved, in cases where the
response indicates 'low risk’, and the limitations of the method were respected/considered, there were no indications of
cracking due to thermal stresses in most of the analyzed models. Therefore, it is concluded that the expedited diagrams
are a screening tool for structures that require additional care, preliminarily excluding those of 'low risk'. Furthermore,
compared with computational thermal simulations, the method demonstrates good correlation, with potential
application and reproducibility.
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