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Abstract: This study introduces an innovative numerical approach to simulate the construction of
large concrete structures incorporating post-cooling systems employing the finite element method
(FEM). The proposed methodology integrates critical construction parameters, including tempera-
ture control mechanisms, while accounting for concrete hydration and environmental conditions.
Compared to traditional discrete models, this approach provides similar accuracy with substantially
reduced computational costs, enhancing predictive capabilities in the thermal analysis of mass con-
crete. The method was applied to simulate the construction of a water intake pillar at the Tocoma
hydroelectric plant in Venezuela, where the simulated results closely matched in situ temperature
measurements. The findings highlight the method’s efficiency and accuracy in simulating post-
cooling systems, offering a practical solution for improving the safety and cost-effectiveness in
large-scale concrete construction projects.

Keywords: post-cooling; mass concrete; numerical simulation; layered construction; construction
simulation

1. Introduction

Massive concrete structures exhibit distinct behavior attributed to their substantial
concrete volume and, consequently, elevated cement consumption. This characteristic
makes them more susceptible to cracking in the construction process, primarily induced by
the temperature rise during the cement hydration process. The exothermic and thermoac-
tivated nature of this reaction results in volume fluctuations, and if these variations are
constrained, tensions arise, potentially causing material cracking. In this context, a recent
RILEM State of the Art Report [1] categorizes these structures as those in which early-age
effects of cementitious materials, such as heat generation and autogenous shrinkage, may
culminate in cracking.

Thus, an in-depth and specific understanding of the behavior of such structures is
fundamental for the prediction of material cracking, a fact that has motivated several
studies in this field, whether applied in the experimental or computational area, in order
to study the effects of thermal and mechanical phenomena on mass concrete, as shown in
Ulm and Coussy [2–4], Azenha [5], Xin et al. [6] and Castilho et al. [7].

Concrete is widely recognized as a heterogeneous material with multi-scale charac-
teristics, ranging from the nanometric scale of hydrates to the macroscopic scale of real
structures. Numerous studies have explored the complexities of concrete at different
scales, offering valuable insights into both its thermochemical and mechanical behavior
as observed by Gimenes et al. [8], Huang et al. [9], Tu and Zhang [10], Zhang et al. [11],
Li et al. [12] and Li et al. [13]. While multi-scale modeling can provide a more detailed
representation of concrete’s heterogeneity, for the purposes of this study, a mesoscopic
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approach was adopted. This is particularly suitable for massive concrete structures, such
as hydroelectric power plants, where the the size of the finite elements allows the material
to be treated as homogeneous and isotropic without significantly affecting the accuracy
of the analysis. However, for smaller structures, where the heterogeneities of the material
have a more pronounced effect, different modeling approaches, such as multi-scale or
micromechanical models, would be necessary.

Massive concrete structures experience significant temperature increases due to the
exothermic nature of the cement hydration reaction combined with concrete’s relatively low
thermal conductivity. This temperature rise leads to two types of thermal gradients within
the concrete. The first is a spatial gradient, which corresponds to temperature differences
between different points in the structure at a given moment. The second is a temporal
gradient, where a specific point in the structure undergoes temperature changes over time.
Considering the thermal expansion properties of concrete and the structural restraints that
limit free deformation, both spatial and temporal gradients can induce strains and stresses
in concrete elements. If these strains or stresses exceed certain limits, undesirable thermal
cracks may develop [1].

The production of heat and the subsequent increase in concrete temperature demand
thorough consideration, as they not only contribute to these gradients but are also associated
with deleterious phenomena, such as Delayed Ettringite Formation (DEF). Several studies
have established a correlation between early thermal fields reaching temperatures of
approximately 65 °C and the occurrence of DEF.

Considering the significant impact of heat generation resulting from hydration on
structural durability, alongside the considerable costs and safety standards inherent in
construction and infrastructure projects, the potential for thermal cracking in young con-
crete has remained a prominent concern within the engineering community since the first
applications of massive concrete.

Hence, a thorough analysis of both the construction phase and the subsequent period
is recommended. In the event of detecting a propensity for cracking, various measures
can be implemented to mitigate early stresses. For instance, one effective strategy involves
reducing the concrete temperature post-placement by circulating water or air through tubes
embedded in the formwork, employing a post-cooling system.

This technique, first developed by the Bureau of Reclamation in 1933 [14], was imple-
mented during the construction of the Hoover Dam (Nevada/Arizona, USA) to carefully
control the internal temperature of the concrete within predefined project limits. This was
achieved through the active circulation of water (or another cooling fluid) or air through
tubes embedded in the material. The primary objective is to prevent thermal cracks by con-
trolling the concrete’s temperature, particularly during the hydration phase, to minimize
volumetric variations caused by temperature fluctuations. Designing post-cooling systems
involves optimizing tube properties, such as geometric layout, heat transfer, fluid flow,
and inlet/outlet temperatures, to achieve the desired reduction in peak temperature while
minimizing the power energy consumption of the system [15–17].

Examples of structures and their corresponding typical tube layouts are illustrated
in Figure 1. While the technique has shown significant effectiveness [1], it comes with
substantial costs associated with design, material acquisition, installation, and efficient
operation. Consequently, its widespread application is primarily limited to larger projects,
such as dams, where internal cooling can be implemented before filling or sealing the
joint [18]. The post-cooling system can be activated within the first few days after pouring,
enabling the precise thermal control of the concrete. Additionally, post-cooling finds
applications in various structures, including but not limited to concrete segments for
immersed tunnels, retaining walls, and slabs, all of which are widely utilized today [19–22].
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Figure 1. Examples of structures with post-cooling systems.

Advancements in understanding have led to theories that model the cement hydration
reaction as an exothermic and thermally activated process. Building on these theories,
sophisticated numerical models have been developed. Combined with the evolution of
hardware and software technologies, these models have become highly complex, allowing
simulations that closely approximate reality in terms of geometry and the phenomenologi-
cal aspects considered [23].

Numerous studies offer numerical solutions to simulate heat reduction through post-
cooling systems in concrete using the discrete approach, with notable contributions from
researchers such as Myers et al. [24], You et al. [25], Liu et al. [26], Zhong et al. [27],
Ding and Chen [28], Nguyen et al. [29] and Yang et al. [30,31], who have conducted
extensive studies in this field. However, the discrete process increases the size of the thermal
problem, leading to potential issues of convergence. Zhu [32] and Conceição et al. [33]
have already delved into this topic, proposing equivalent methods to replicate the effects of
cooling tubes.

The equivalent approach developed by Zhu [32] models the cooling effect of pipes as a
negative heat rate source in the heat balance equation. Each pipe cools a cylindrical region
of concrete, with the size based on the spacing between pipes. The method simplifies the
cooling process by representing the average temperature of the concrete cylinder using
functions that describe the tube cooling effect. This approach effectively balances the heat
generated by cement hydration with the heat removed by the cooling tube, providing a
simplified yet accurate method for simulating the cooling in large concrete structures.

The Equivalent Cooling Surfaces (ECSs) method [33] is proposed as an alternative
to the existing discrete cooling approach. Unlike traditional methods, the ECS approach
represents cooling coils as internal thermal boundaries, applying Newton’s cooling law to
describe the heat flux between the concrete and the cooling pipes.

The heat flux is calculated based on an equivalent convection coefficient, which sim-
plifies the heat transfer process between the concrete and the cooling surface. This method
allows for efficient heat transfer calculations while bypassing the complexity of modeling
the vertical temperature gradients in the concrete lift that arise in traditional methods.

In light of these considerations, the present work adopts a mesoscopic-scale approach,
comprehensively considering all phenomena associated with the material. This study
introduces a novel numerical model for coupling the post-cooling system within the ther-
mochemical analysis of massive concrete structures, representing a significant advancement
in FEM computational methods applied to this field. This approach aims to reduce compu-
tational costs related to the discretization of fluid–solid interaction, ensuring precise and
efficient results in simulating the construction of large structures.

Additionally, this work introduces an innovative numerical approach to simulate
the construction of large-scale concrete structures, encompassing construction parameters,
layered or sliding formwork simulation, thermochemical aspects of hydration, and a post-
cooling system employing water circulation through tubes integrated into the formworks,
with a system control parameters (on/off) adjusted based on concrete temperature. The
conception of our approach was inspired by the contributions of Silva et al. [34], who
implemented a thermoregulation model representing the heat transfer dynamics from
arteries to tissues within the human body.

To validate this approach, a simulation of concrete slab construction was conducted
using data obtained from a previously constructed and tested slab in the FURNAS lab-
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oratory (Goiania/GO). The same mesh, material parameters, and boundary conditions
were replicated in the DIANA FEA software, version 10.5, for a subsequent comparison of
results [35]. Following successful validation, the construction of a water intake pillar for
the Tocoma hydroelectric plant in Venezuela was simulated, and the results were compared
with the field data obtained during the actual construction. The computational modeling
utilized the finite element method (FEM) within a parallel environment, developed in
the FORTRAN programming language. This system was integrated into the DAMTHE
2.0 software, a product of research conducted by PEC/COPPE/UFRJ, which incorporates
contributions from the authors [23].

It should be pointed out that concrete is widely recognized as a heterogeneous mate-
rial with multi-scale characteristics, ranging from the nanometric scale of hydrates to the
macroscopic scale of real structures. Numerous studies have explored the complexities
of concrete at different scales, offering valuable insights into both its thermochemical and
mechanical behavior. While multi-scale modeling can provide a more detailed representa-
tion of concrete’s heterogeneity, for the purposes of this study, a mesoscopic approach was
adopted. This is particularly suitable for massive concrete structures, such as hydroelectric
power plants, where the scale of the elements allows the material to be treated as homoge-
neous and isotropic without significantly affecting the accuracy of the analysis. However,
for smaller structures, where the heterogeneities of the material have a more pronounced
effect, different modeling approaches, such as multi-scale or micromechanical models,
would be necessary. Future advancements in multi-scale modeling, as highlighted by
recent studies, provide important avenues for further exploration and will be considered in
subsequent research.

2. Numerical Modeling
2.1. Mass Concrete

As introduced above, the construction of massive concrete structures requires a careful
understanding of the material’s mechanical integrity from the moment of its placement.
This assessment is necessary due to the potential susceptibility of these structures to early-
age cracking induced by thermal deformations and/or autogenous shrinkage resulting
from the cement hydration reaction [36].

Thus, a thorough understanding of thermochemical phenomena in concrete is crucial
for accurately simulating construction processes. In this context, the numerical model
employed in this study relies on the thermochemical coupling theory introduced by Ulm
and Coussy [2]. This theory deduces the equations governing the problem within a ther-
modynamic framework for porous media. It considers the interplay between hydration
reactions, temperature variations, and alterations in concrete properties. The perspective
outlined by Ulm and Coussy [3] considers concrete as a chemically reactive porous medium.
In its initial phase, it exists as a fluid composed of free water and air, undergoing a transfor-
mation into a porous solid state upon reaching its percolation threshold (α0)—the precise
moment when the shift occurs from a material in suspension to a solid state. Beyond
this threshold, the mechanical properties of the material come into play, encompassing
features such as Young’s modulus, compressive and tensile strength, Poisson’s ratio, and
more. Additionally, it is at this point that the formed skeleton may start to exhibit cracking.
Because the cement hydration reaction is an exothermic and thermoactivated chemical
process, as the reaction proceeds, it releases heat, causing an increase in the temperature of
the cement mass. This rise in temperature, in turn, influences the kinetics of the hydration
reaction. This phenomenon has implications for the mechanical behavior of the material
since the progression of the hydration reaction is directly correlated with the evolution of
its material properties, such as elastic modulus, strength, creep, and shrinkage [37]. This
evolution is commonly referred to as the “aging” of concrete. Consequently, it is possible
to define the degree of hydration α ∈ [0, 1] as a normalized variable that expresses the
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evolution of the hydration reaction. It can be expressed as a normalization of the variable
m representing the variation in the skeleton mass:

α =
m(t)
mt=∞

, α ∈ [0, 1] (1)

In additional studies Ulm and Coussy [4], the authors’ theory explains the progression
of the hydration reaction in a particular concrete mass, incorporating factors such as its
exothermic nature and thermoactivation. The development of thermal fields within a des-
ignated volume is elucidated through the resolution of the equation governing this process.
As a result, the equation portraying the temporal advancement of heat, accounting for ther-
mochemical coupling (where hydration heat generation interacts with thermoactivation),
can be expressed within the theoretical framework as follows:

CpṪ = Q̇ + Lα̇ + λ∇2T (2)

In the given context, Cp signifies the specific heat of concrete, Q̇ represents the heat flow
generated by a heat source (e.g., a post-cooling system), λ denotes the thermal conductivity,
L stands for a material constant that is positively valued due to the exothermic nature of
the reaction, and α̇ embodies the reaction speed, denoting the rate at which the degree of
hydration increases (derived from the time derivative of m). The term corresponding to the
thermochemical coupling is Lα̇, which represents the generation of heat by the hydration
reaction. The initial fields are given by

T = T̄(ΓT , t) in ΓT (3)

q.N = q̄(Γq, t) in Γq (4)

q.N = hpr.(T − Tamb) in ΓC,R (5)

where q̄(Γq, t) denotes the flow within the Γq segment of the contour; T̄(ΓT , t) is the temper-
ature prescribed in ΓT ; Equation (5) represents the heat exchange through convection and
radiation at the continuum boundaries with the environment, accounting for an average
exchange coefficient (hpr), Γ = ΓT ∪ Γq ∪ ΓC,R; and N denotes the outward normal vector at
the boundary.

Through Equation (2), it is possible to calculate the temperature field as a function of
the heat generated, represented by the term Lα̇.

It is also noted that to find the numerical solution of Equation (2), it is necessary
to calculate the hydration field, that is, it is necessary to know α for all time steps that
you want to obtain the field of temperatures T. Consequently, to solve Equation (2), it is
necessary to first determine the hydration kinetics (α̇(α)) for each time step.

In this sense, considering the kinetics of this hydration in an integrated way, through
the basic model for cementitious materials, Ulm and Coussy [2–4] proposed Equation (6)
to describe the evolution of the cement skeleton mass, measured by the variation of the
degree of hydration with time.

α̇ =
dα

dt
= Ã(α) exp

(
− Ea

RT

)
, (6)

where Ã(α) is called normalized affinity and encompasses the physical effects correspond-
ing to the increase in hydrate mass, diffusion, viscosity, and the chemical affinity itself. This
is the only property of concrete that is independent of temperature.

The thermoactivation effect is represented in the equation by the exponential factor
as a function of temperature, exp

(
− Ea

RT

)
, explaining that the reaction intensifies when

temperatures are higher. The terms Ea, R and T are defined as the activation energy, the
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universal constant of perfect gases, and temperature, respectively. It should be noted that,
in this model, Ea is considered constant over time.

Thus, it is evident that if there is knowledge of a curve Ã(α) x α, it will be possible to
solve Equation (2), as long as there is, for each time step, in addition to the temperatures T,
the degrees of hydration α.

The values of Ã(α), which are an intrinsic measure of the reaction kinetics, can be ob-
tained experimentally through adiabatic tests or through uniaxial compression isothermal
tests performed at different ages.

2.2. Post-Cooling System

The oldest and foremost principle to consider is the conservation of mass, applicable
either in a closed system or in the context of mass continuity within a flowing system.
Drawing from engineering thermodynamics, Bejan [38,39] and Cengel [40] revisit the mass
conservation statement for a control volume, as shown in Equation (7):

∂Mcv

∂t
= ∑

inlet
ṁ − ∑

outlet
ṁ (7)

where Mcv is the mass that is trapped instantaneously inside the control volume (cv), while
ṁ values are the mass flow rates associated with a flow into and out of the control volume.

Considering u, v and w as the local velocity components at the point (x, y, z), as shown
in Figure 2, the mass conservation equation stipulates that

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (8)

Figure 2. Mass conservation on a control volume.

In practical applications, fluid flow through a pipe is often approximated as one-
dimensional, meaning that the properties vary only in the direction of flow [40]. This
simplification allows us to assume that all properties are uniform across any cross-section
perpendicular to the flow direction and can be represented by their average values over
that cross-section.

Besides that, due to the no-slip condition, the fluid velocity within a tube is zero at the
surface and reaches a maximum at the center. To facilitate analysis in this work, we adopt a
mean velocity uw, which remains constant when the tube’s cross-sectional area is constant.

Although, in actual heating and cooling applications, the mean velocity may vary
slightly because of density changes with temperature, the fluid properties were treated as
constants at an average temperature for this study, as illustrated in Figure 3.
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Figure 3. Schematic of the tube and energy interactions within a differential control volume. Realistic
and idealized functions representing the distribution of velocity and temperature in the tube.

The value of the mean velocity uw in a tube is determined from the requirement that
the conservation of mass principle is satisfied. That is,

ṁ = ρuw Aw =
∫

Aw
ρu(ri, x)dAw (9)

where ṁ is the mass flow rate, ρ the density of the fluid and Aw is the cross sectional
area. Then, the mean velocity for a circular tube of inner radius ri can be expressed as
demonstrated in Equation (10).

uw =
2
r2

i

∫ ri

0
u(ri, x)ridri (10)

When the fluid is heated as it flows through a tube, the temperature of the fluid at any
cross-section changes from Tc at the surface of the concrete to some minimum at the tube
center. In this workm a mean temperature Tw that remains uniform at a cross-section is
convenient, as expressed in Equation (11) and illustrated in Figure 3.

Tw =
2

umr2
i

∫ ri

0
T(ri, x)u(ri, x)ridri (11)

When a fluid is heated, its mean temperature changes along the flow direction. This
change must comply with the conservation of energy principle. Specifically, the energy
transported by the fluid through a cross-section (Ėw) in actual flow must be equal to the
energy that would be transported through the same cross-section if the fluid were at a
constant temperature Tw. Mathematically, this relationship can be expressed as

Ėw = ṁCpwTw =
∫

ṁ
CpwTδṁ =

∫
Aw

ρCpwTudAw (12)

where Cpw is the specific heat of the fluid.
The conservation of energy for the steady flow of a fluid in a tube can be expressed as

Q̇ = ṁCpw(Ti
w − T0

w) (13)

where Ti
w and T0

w are the mean fluid temperatures at the exit and inlet of the tube, respec-
tively, and Q̇ is the rate of heat transfer to the fluid.
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The thermal conditions at the surface were approximated to be constant surface heat
flux (q̇ = constant), as shown in Figure 3. Surface heat flux is expressed by Newton’s law
of cooling:

q̇ = h(Tc − Tw) (14)

where h is the local transfer coefficient.
Considering that h and thus Tc − Tw are constant, as the fluid properties remain

constant during flow, the slope of the mean fluid temperature Tw can be determined by
applying the steady-flow energy balance to a tube slice of thickness dx shown in Figure 3.
This gives

ṁCpwdTw = q̇Pdx → dTw

dx
=

q̇P
ṁCpw

= constant (15)

where P is the perimeter of the tube.
Then, the mean fluid temperature at the tube exit becomes

Ti
w = T0

w +
q̇Pl

ṁCpw
(16)

where l is the length of the section of the tube.
Combining Equations (9), (14) and (16) gives

Ti
w = T0

w +
h(T0

c − T0
w)Pl

ρuw AwCpw
(17)

q̇ = −
ρuw AwCpw(Ti

w − T0
w)

Pl
(18)

Applying the theoretical formulation to the implementation of a numerical solution
for the post-cooling of concrete structures, an arbitrary volume is considered, as illustrated
in Figure 4, consisting of two distinct materials: concrete and coolant fluid.

Figure 4. Concrete and fluid volume model.

At the outset, this volume is treated as a singular isolated element to simplify the
fluid–solid interaction. Through Equations (17) and (18), the outlet temperature Ti

w of the
fluid and the heat flow generated by this heat exchange are determined.

It is important to emphasize that assuming a direct relationship to the convection
exchange between the fluid and the concrete volume element, while disregarding conduc-
tion exchanges among the various materials of the arbitrary volume, may not be sufficient
to represent its behavior. This is because the conduction exchange occurs with the inner
wall of the tube, which, in turn, conducts heat through conduction to its external diam-
eter among its thickness, and this, in turn, conducts heat in a flow to the edges of the
concrete element.

Therefore, it is not well balanced by purely applying Equation (5), assuming that
the entire convective exchange capacity occurs within a specific time interval δt. In this
context, this work aimed to analytically determine a weighting factor to effectively represent



Buildings 2024, 14, 3232 9 of 28

the equivalent heat exchange flow. This was achieved through the determination of an
equivalent convection exchange parameter, h̄pc, acquired from the element’s equivalent
thermal resistance Req, as shown in Equations (26) and (28) and illustrated in Figure 5.

Figure 5. Thermal resistances of the concrete, wall tube and fluid (left to right).

To achieve the equivalent thermal resistance, a circular pipe is characterized by an
inner radius ri, an outer radius ro, a length l, and an average thermal conductivity λt. The
pipe is maintained at constant temperatures of Tri and Tro . For one-dimensional steady
heat conduction through the cylindrical layer, the heat transfer is described by Fourier’s
law, as depicted in Equation (19) and illustrated in the Figure 6.

Figure 6. Cross-section of the concrete, tube, and fluid (outer to inner).

Q̇ = −λt A
dT
dr

(19)

where A = 2πrl is the heat transfer area at location r. As A depends on r and it varies in
the direction of heat transfer, integrating from ri to ro, it is possible to write Equation (20).

Q̇ = λt2πl
Tri − Tro

ln(ro/ri)
(20)
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As Q̇ is considered constant at δt, this equation can be rearranged in terms of its
thermal resistance, namely Rt, and expressed by Equation (21).

Q̇ =
Tri − Tro

Rt
(21)

In this context, managing steady heat transfer through composite materials involves
assigning additional resistances in series for each extra layer [40]. This bridges the tempera-
ture gap from Tc to Tw, resulting in an equivalent thermal resistance Req = Rconv + Rt + Rc,
as illustrated in Figure 5.

Here, Rc and Rt represent the thermal resistances of the concrete and wall tube,
respectively. At least Rconv is the convective thermal resistance between the fluid and the
wall tube, as described in Equations (22)–(24).

Rconv =
1

hw2πl
(22)

Rt =
ln(ro/ri)

λt2πl
(23)

Rc =
ln(1.08a/2ro)

λc2πl
(24)

where hw represents the convective heat transfer coefficient between the coolant and the
wall tube. According to Cengel [40] and Bejan [39], for fully developed laminar flow in a
circular tube subjected to a constant surface heat flux, the Nusselt number is 4.36. Notably,
there is no dependence on the Reynolds or Prandtl numbers, leading to the following
expression for hw as shown in Equation (25):

hw = 4.36
λw

2ri
(25)

The thermal conductivity of the fluid, tube, and concrete, denoted, respectively, as λw,
λt and λc, are temperature-dependent. In this setting, it becomes feasible to formulate the
equivalent thermal resistance in accordance with Equations (22)–(25):

Req =
1

2πl

[
1

2.18λw
+

ln(ro/ri)

λt
+

ln(1.08a/2ro)

λc

]
(26)

Under these conditions, the application of the equivalent thermal resistance concept
allows the determination of the equivalent convection exchange parameter, as represented
by Equations (27) and (28).

Q̇ = −h̄pcPl(T0
c − T0

w) =
(T0

w − T0
c )

Req
(27)

h̄pc =
1

2πril
1

Req
(28)

Time t0 is defined as the moment when the fluid enters the element, while ti marks
the instant when the fluid exits the element. The determination of these times is based
on a function of the fluid velocity and the length of the tube section. The time interval
δt is characterized by the exchange time between the two materials and is defined by the
duration a specific fluid control volume remains within the solid, as illustrated in Figure 7
and expressed in Equation (29).

δt = ti − to =
l

uw
(29)
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Assuming ṁ = ρυw Aw = ρV̇ = ρ V
δt , where V is the fluid volume, we obtain

Equations (30) and (31).

Ti
w = T0

w +
h̄pc(T0

c − T0
w)Pl

ρVCpw
δt (30)

q̇ = −
ρVCpw(Ti

w − T0
w)

Plδt
(31)

Figure 7. Heat exchange in the element and temperatures at instants t0 and ti.

In conclusion, the heat flow generated is distributed within the volume of the element
and is incorporated as a new heat source in the thermochemical coupling (TC) of the
software, as illustrated in Equation (32).

Q = −ρVCpw(Ti
w − T0

w) (32)

To implement the model in the finite element software DAMTHE 2.0, the tube is
represented and applied using interconnected hexahedral elements of the concrete mesh.
This elements are flagged in the geometry of the mass concrete structure, and each element
serves as a control volume. Consequently, to simulate fluid flow along the pipe, the fluid’s
inlet temperature in a given element is consistently determined by the outlet temperature
of the preceding element. This relationship is defined by Equation (33) and illustrated in
Figure 8.

T0,k
w = T1,k−1

w (33)

Figure 8. Fluid flow along the pipe of n elements.

Given that the initial temperatures at time t0 are prescribed for both materials and the
fluid inlet temperature in the first element, T0,1

w , remains constant, a new exit temperature
is computed for each Ti,n

w element during each time step δt. Additionally, a heat source in
the Qn

pc element is calculated, as depicted in Figure 9.
Following the computation of the heat sources generated by the post-cooling system,

the resulting heat source will be incorporated into the iterative solution of Equation (2).
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Subsequently, the mesh’s mixed elements (comprising concrete and coolant) will be treated
as active concrete elements.

Moreover, the cooling system is activated once a predefined temperature at a specific
point in the structure is reached. This condition is crucial to comply with the specifications
of post-cooling projects, which dictate the temperature threshold for initiating the cooling
system, as well as its shutdown.

dt ⇒ time step of TCH (Thermochemical
Coupling)

nt ⇒ number of TCH time steps
numelpc ⇒ number of post-cooling elements

n1 = dt
δt

do i = 1, nt
do j = 1, n1

T0,1
w = inlettemp
do k = 1, numelpc

T1,k
w = T0,k

w + h(T0,k
c −T0,k

w )Pl
ρVCpw

δt

q̇k = q̇k − ρVCpw(T1,k
w −T0,k

w )
Plδt

Qk
pc = Qk

pc −
[ρVCpw(T1,k

w −T0,k
w )]V

Velement

if (k.gt.1) T0,k
w = T1,k−1

w

end do
end do
Qk

TC = Qk
TC + Qk

pc ⇒ RUN TCH!
(Equation (2))
end do

Figure 9. Post-cooling iteration algorithm.

2.3. Layered Construction

The finite element simulation method is based on element activation through a compre-
hensive mesh reading. The adopted strategy outlines a predefined concrete placement plan,
specifying the number of construction layers (nlay), the time (tlay), and the temperature
of placement for each layer (T0

c ). The finite element mesh is then read, associating each
element with a corresponding construction stage.

As the analysis progresses, when the placement time for a new layer is reached, associ-
ated elements are activated, and boundary conditions are updated. The initial displacement
and stress values for newly placed elements are considered null. This process involves
rebuilding matrices from finite element problems, incorporating new elements, and main-
taining displacement, stress, temperature, and hydration degree fields for assembling linear
equation systems.

3. Validation

The construction of a concrete slab (3.0 × 2.0 × 0.5 m), built in a single layer/step on
10 cm of concrete was simulated to validate the proposed numerical approach. The finite
element program used for simulation was DAMTHE 2.0, implemented in the FORTRAN
programming language and developed by researchers at PEC/COPPE/UFRJ, including
the authors of this study. The objective was to use data from experimental tests conducted
on a slab at the FURNAS laboratory in Goiânia/GO, Brazil (Figure 10). These data served
as a starting point for adjusting the numerical model to achieve a reference simulation that
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accurately represented the conducted tests, including the thermochemical properties of the
materials used.

Figure 10. Slab shape tested and monitoring thermometers coupled to the LYNX platform
(COPPE/FURNAS).

Following that, a sequence of elements was activated using the same mesh to simulate
a concrete post-cooling pipeline. This system was not experimentally tested, and its
inclusion served only to simulate and validate the approach proposed by the authors. The
identical mesh, along with the same material parameters and boundary conditions, was
replicated in the DIANA FEA software for the subsequent comparison of the results.

The DIANA FEA uses the discrete method to simulate cooling pipes, while the
mean bulk water temperature variation Tm along the pipe length x can be represented as
Equation (34).

ṁwCpw
∂Tw

∂x
= hwP(Tc − Tw) (34)

In this context, ṁ is the water mass flow rate, Cpw is the specific heat of water, hw is
the convection coefficient between the water and the surrounding concrete, P is the pipe
perimeter, and Tc is the concrete temperature around the cooling pipe surface. Further
details about Equation (34) can be found in Yang et al. [30]. If Tc > Tw, heat is transferred
to the water, and Tw increases with x. In this method, the cooling tube is made discrete by
several 2D finite elements (FE) connected in series.

The temperatures measured during the experimental test were automatically obtained
using the LYNX equipment from COPPE/LABEST and performed by FURNAS/Eletrobras.
Temperatures were recorded at the center and edge of the slab, with thermometers at
variable heights, as shown in Figure 11, where 0 corresponds to the base of the slab and
50 cm to the top, in the boundary.

Figure 12 presents the geometry used for the numerical simulation of the slab. Three
different materials were considered, with different thermal and mechanical properties: the
soil, the concrete base, and the concrete of the slab itself. Material properties are shown in
Table 1.

In the thermal analysis for the external surfaces of concrete and rock, heat exchange
by convection was considered with a surface coefficient (h = 10 W m−2 K−1) and ambient
temperature according to field measurements.

As a criterion for validating the developed numerical model, the temperature rise in
the central node of the structure was compared with the built slab. The meshes of both
simulations are defined by 145,380 nodes and 132,225 hexahedral elements, as shown in
Figure 12.
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Figure 11. Temperatures in the concrete and ambient surroundings measured during the experimental
test.

Table 1. Material properties: concrete, coolant, tube and rock.

Parameter Value Unit Equations

l 0.03600 m (28) and (32)
a 0.03600 m (26) and (32)
b 0.03600 m (26) and (32)
δt 0.07200 s (30)
ρ 1000.00 kg/m3 (32)
Cpc 1086.00 J/kg K (2)
Cpw 4184.00 J/kg K (32)
Cprock 800.000 J/kg K (2)
λc 1.56000 W/m K (2) and (26)
λw 0.61000 W/m K (26)
λrock 2.50000 W/m K (2)
uw 0.50000 m/s (26)
ri 0.01270 m (26)
ro 0.01535 m (26)
h̄pc 2000.00 W/m2 K (28)
Ea/R 4000.00 K (6)

After this procedure, the temperature increase in the model was simulated by employ-
ing the post-cooling system, with the initial concrete conditions set as T0,1

c = T0,n
c = 293 K.

The inlet cooling water temperature remains constant at T0,1
w = 283 K throughout the entire

simulation, and 356 contiguous elements were activated for the pipeline simulation.
The selected pipe spacing was 50 cm, maintaining a minimum clearance of 25 cm from

the pipe to the external surface. The positioning was at the middle height of the slab at
25 cm, as shown in Figure 13.
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Figure 12. The finite element geometry mesh as built without post-cooling elements.

Figure 13. The finite element geometry mesh with activated post-cooling elements.

Figures 14–16 presents the temperature results obtained by the proposed model com-
pared with the temperature data obtained by DIANA FEA to post-cooling system. In
addition, the temperatures of the simulation without the post-cooling system were also
presented for both software and compared with the experimental data to validate the mesh
and the thermochemical simulated parameters. It is possible to verify that both results
show similar behavior.

In this study, the same time-stepping scheme was adopted for both models to ensure a
straightforward comparison of the results. In this sense, the calculation (CPU) time required
by DIANA FEA 2.0 was 7.75 times greater than the DAMTHE 2.0.
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Figure 14. Temperature results at the center of the structure (15 cm) for the simulations—with and
without the post-cooling system—and the experimental measurements.

Figure 15. Temperature results at the center of the structure (25 cm) for the simulations—with and
without post-cooling system—and the experimental measurements.
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Figure 16. Temperature results at the center of the structure (35 cm) for the simulations—with and
without post-cooling system—and the experimental measurements.

4. Sensitivity and Convergence Analysis

To assess the model’s sensitivity to mesh element sizes and verify the convergence
of the finite element solution, a mesh analysis was performed on the validation example
using element sizes of 3.6 cm, 5 cm, 10 cm, and 20 cm. The simulations were performed
with consistent material properties and boundary conditions across all mesh sizes to ensure
comparability as shown in Table 2.

Table 2. Table of parameters.

l a ri ro h̄pc Nodes Elements
(m) (m) (m) (m) (W/m2 K) No. No.

0.200 0.200 0.0127 0.01535 39.2562 4734 3955
0.100 0.100 0.0127 0.01535 50.4267 21,443 18,588
0.050 0.050 0.0127 0.01535 70.4829 97,787 87,300
0.036 0.036 0.0127 0.01535 86.8548 145,380 132,225

The parameter h̄pc is dependent on the element size, as shown in Equation (28),
therefore ensuring the objectivity of the model. In all simulations, the thermal conductivities
of the materials, λw, λt and λc , were 0.61 W/m K, 60 W/m K, and 1.56 W/m K, respectively.
The results, presented in Figure 17, demonstrate that as the mesh is refined, the model’s
predictions converge toward a stable solution, with the 20 cm mesh already providing an
acceptable solution.
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Figure 17. Temperature results at the center of the structure for the simulations.

5. Case Study: Construction of Water Intake Structure Pillar of a Hydroelectric Power Plant
5.1. Layered Construction

The numerical approach proposed here was implemented for the analysis of the construc-
tion of the water intake structure pillar, designated as PI-04, as shown in Figures 18 and 19,
as part of a significant 2160 MW hydropower plant construction in Venezuela. This project,
referred to as the “Manuel Piar Project” or “Tocoma Project”, represents the most recent
development along the Lower Caroni River.

Figure 18. Geometry of the Tocoma Hydroelectric Power Plant and the location of PI-04.

As detailed in Arreaza [41], the initial project was conceived with the idea of employing
scaffolding utilizing conventional climbing formwork techniques, typically constructed
from wood or metal, with a height of 1.5 m. Although this approach proved viable in
certain areas, challenges emerged when applying the conventional climbing formwork
system to structures requiring a significant height. Additionally, the uniform geometry of
the massive structure’s pillars necessitated frequent interruptions every 1.5 m (or in some
cases 3 m) to assemble a new segment identical to the previous one. This, coupled with
routine repairs and joint treatments, hindered the continuous progress of the work within
the designated timelines.
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Figure 19. The construction of water intake pillars at the Tocoma Hydroelectric Power Plant, including
the PI-04, which incorporates a framework.

Hence, the construction site team, in collaboration with the technical team and exter-
nal consultants, assessed the adoption of the sliding formwork technique for continuous
concreting [41]. This evaluation aimed to ensure the safety, cost-effectiveness, and timely
completion of the project. Numerous technical-scientific studies were conducted to observe
the thermochemical–mechanical behavior of the main structures of the Tocoma Hydro-
electric Power Plant. Additionally, the use of the post-cooling system was explored as a
technique to dissipate thermal stresses in the concrete during its hardening, enhancing the
overall safety measures.

The implementation of the post-cooling system enabled a notable reduction in the
construction duration for casting structures utilizing a sliding formwork. While the esti-
mated time to complete the entire PI-04 structure with conventional formwork was 118
days, integrating sliding formwork alongside post-cooling to mitigate concrete cracking
led to the successful assembly of the pillar within 35 days (inclusive of pre-assembly and
formwork preparation). This achievement, reaching a height of 33.8 m, underscores the
efficacy of the approach in expediting construction timelines.

Although the original construction costs without the post-cooling system are not
available, the system’s implementation significantly reduced construction time, leading
to substantial indirect financial benefits. The total cost of the post-cooling system, includ-
ing materials, installation, and equipment (such as chillers and pumps), amounted to
82,000 USD, along with 3195 USD for materials and labor [41]. While the initial cost is
notable, the time savings of approximately 70%, along with optimized labor and the pre-
vention of thermal-related issues such as cracking, justify the investment, making the post-
cooling system a highly efficient and cost-effective solution for large concrete structures.

5.2. Construction Parameters

The thermal properties of the material employed in the analyses were experimentally
obtained. The assessment of the thermochemical behavior of the concrete during the
construction phase of the analyzed pillar was conducted, considering continuous concreting
with sliding forms at an estimated rate of 10 cm/h or prioritizing the time indicated in the
thermocouple report. The pouring temperatures adopted ranged between 283 K and 288 K
in accordance with the thermocouple report. The concrete cooling system, implemented
through two pipes at heights of 0.80 m and 2.00 m from the foundation, is initiated when
the concrete reaches a temperature of 293 K at the respective thermocouple, with a flow
rate ranging from 15 to 17 L/min.
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The coolant fluid utilized was water at a temperature of 285 K, flowing through
threaded pipes made of galvanized carbon steel, with a diameter of 1 inch (0.0254 m), as
shown in Figure 20.

Figure 20. Post-cooling pipe installation on the spillway pillar of the Tocoma Hydroelectric Power
Plant (photograph by W.P. Andrade).

While the concrete structure includes steel reinforcement, the proportion of steel to the
total volume of concrete in large structures such as gravity dams, including the Tocoma
Hydroelectric Power Plant, is relatively small. The amount of reinforcement typically adheres
to the minimum requirements established by local standards. This can give the impression
of a significant amount of steel, but it is, in fact, minimal in relation to the concrete volume.
As such, the steel mesh is not expected to significantly influence the thermal conductivity of
the mass concrete. Studies such as those by Velasco [42] and Hilaire [43] have demonstrated
that even with higher reinforcement percentages than those used in dams, the impact
of reinforcement on the thermal properties of mass concrete is minimal. Therefore, the
model reasonably assumes that the concrete behaves homogeneously with respect to its
thermal properties.

5.3. Geometry and Mesh

The analyzed structure has approximate dimensions of 2.6 m in width, 24.0 m in
length, and 33.8 m in height, constructed over rock. Given these dimensions, the symmetry
of the problem was taken into account, representing half of the pillar and the cooling system
with a symmetry plane along its main axis, as illustrated in Figures 21 and 22.

Figure 21. The hexahedral finite element mesh geometry of PI-04.
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Figure 22. The hexahedral finite element mesh geometry of post-cooling elements in PI-04.

The simulation mesh consists of 970,560 nodes and 888,143 hexahedral elements, and
the initial concrete temperature used was the in situ measurement, as shown in Figure 23.

To streamline the presentation of results, control nodes were designated for the ther-
mocouples installed at different heights during the construction of the pillar, as outlined in
Table 3 and Figure 24.

Figure 23. Temperature rise read in thermocouples (TPs) compared to the corresponding numerical
simulation (NS) and the ambient temperature measured during the construction.
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Table 3. Position and height of the thermocouples.

Node X-Axis Y-Axis Z-Axis Thermocouple (TC)

928,420 4.00 0.00 0.80 33
913,294 4.00 0.00 2.00 34
882,914 4.00 0.00 6.50 37
852,534 4.00 0.00 11.00 40
822,154 4.00 0.00 15.50 43

Figure 24. The position of thermocouples in the center of the structure.

The boundary conditions for the thermochemical problem involve external surfaces
of concrete and the foundation in contact with the air or bounded by forms, treated as
convection with a surface exchange coefficient (h = 11.0 W/(m2K)). Additionally, concrete
and foundation surfaces resulting from the virtual cut are treated as adiabatic walls.

The ambient temperature was considered according to the evolution of the temperature
measured in the field during the casting and curing of the PI-04 pillar, as shown in Figure 23.

5.4. Material Properties

For characterization purposes, the concrete has a compressive strength of 28 MPa,
comprising 230 kg/m3 of cement, 13 kg/m3 of silica fume, 1226 kg/m3 of coarse aggregate,
560 kg/m3 of fine aggregate, and 156 kg/m3 of water.

To determine the adiabatic temperature rise curve of the concrete, a reverse analysis
was conducted using temperature measurements obtained from the instrumentation of
the PI-04, accompanied by local environmental temperature measurements. The selected
thermocouple was positioned at a height of 6.5 m in the structure (TP-37). As demonstrated
by Fairbairn et al. [23], this height was chosen because it was deemed sufficiently distant
from the cooling tubes, minimizing their interference in the temperature rise. These tem-
peratures were recorded during and after the continuous casting of the pillar and modeled
using a function known as the Hill function, defined by Equation (35) presented below.

T(t) = T∞ tn

kn + tn (35)

where k = 1.35, n = 2.80, To = 283 K, and T∞ = 316.5 K.
The other material properties are listed in Table 4.
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Table 4. Material properties: concrete, water, tube, and rock.

Parameter Value Unit Equations

l 0.10000 m (28) and (32)
a 0.10000 m (26) and (32)
b 0.10000 m (26) and (32)
δt 0.20000 s (30)
ρ 1000.00 kg/m3 (32)
Cpc 933.000 J/kg K (2)
Cpw 4192.00 J/kg K (32)
Cprock 870.000 J/kg K (2)
λc 2.33000 W/m K (2) and (26)
λw 0.58000 W/m K (26)
λt 60.0000 W/m K (26)
λrock 2.50000 W/m K (2)
uw 0.50000 m/s (26)
ri 0.01270 m (26)
re 0.01535 m (26)
hw 99.6500 W/m2 K (26)
h̄pc 59.6000 W/m2 K (28)
Ea/R 4000.00 K (6)

5.5. Results

The temperatures obtained numerically through simulation were compared with those
obtained in the field. Both were plotted in Figures 25–29 at the nodes corresponding to the
thermocouple positions.

Figure 25. Temperature rise at node 928,420 (33-NS) and thermocouple (33-TP).
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Figure 26. Temperature rise at node 913,294 (34-NS) and thermocouple (34-TP).

Figure 27. Temperature rise at node 882,914 (37-NS) and thermocouple (37-TP).

The numerical and experimental results in Figure 23 demonstrate good alignment at
earlier stages, validating the accuracy of the finite element model. However, a deviation is
observed in Figure 28 within the drift ratio range of 60 to 80 h. This discrepancy is likely
attributed to the initial noise in the experimental readings, which were later corrected.
These data points were retained to maintain the integrity of the dataset, as there was no
direct involvement in the experimental procedures, and it was deemed inappropriate to
classify them as outliers without further verification.

Discrepancies between numerical simulations and field measurements are not un-
common, particularly in large-scale structures such as dams. Factors contributing to these
variations may include differences in ambient temperature measurements, variations in
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concrete placement temperatures, timing inconsistencies during construction, and the use
of a simplified heat transfer model that combines convection and radiation into a single
coefficient. Despite this localized deviation, the overall agreement between the numerical
and experimental results supports the robustness of the model for simulating massive
concrete structures.

Figure 28. Temperature rise at node 852,534 (40-NS) and thermocouple (40-TP).

Figure 29. Temperature rise at node 822,154 (43-NS) and thermocouple (43-TP).

The temperatures from all thermocouples, as well as the ambient temperature, are
shown in Figure 23 and the layered simulation results are presented in Figure 30.
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Figure 30. Distribution of temperatures (K) during the simulation of the construction of the PI-04
pillar in layers at t = 1, 5, 20, 40, 80, 120, 195 and 300 h.

6. Discussion and Conclusions

This study introduces an innovative numerical approach to simulate the construction
of large-scale concrete structures, incorporating post-cooling systems. This approach
includes considerations for various construction parameters, such as layered or sliding
formwork simulation; thermal properties and the geometry of tube, fluid velocity, and initial
temperature; and the control of initiating and shutting down the post-cooling system based
on concrete temperature variations. The temperature results obtained by the implemented
model, in the validation step, compared with the temperature data obtained by DIANA FEA
to the same mesh, materials parameters, and boundary conditions, demonstrate similar
behavior. This observation holds true for both scenarios, i.e., scenarios with and without
the post-cooling system deployed during the hydration period.

This strategic control not only helps prevent thermal cracking, thereby mitigating the
impact of thermal gradients, but also facilitates the simulation of project construction in-
structions, allowing significant savings in the construction of large structures. Additionally,
the approach involves a thorough examination of thermochemical aspects related to the
hydration process.

The computational time required by the validation model running on the DIANA FEA
software was 7.75 times longer than that of DAMTHE 2.0.

The analysis of the construction of the water intake structure pillar of the Tocoma
project exhibited great agreement with the in situ temperature values, highlighting the
model’s proficiency in replicating the behavior of the post-cooling system during the
construction of large-scale layered structures.

In conclusion, this method serves as a viable alternative to the discrete approach, of-
fering similar results while requiring significantly less computational effort. This efficiency
makes it particularly advantageous for real-world numerical simulations of large concrete
structures during construction.
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