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Abstract: This paper examines the influence of monolith length on the temperature field of concrete
gravity dams built using the block method. The developed 3D model is capable of conducting
a thermal analysis of a 95.0 m high concrete gravity dam built using the block method, where
each newly cast block represents a new analysis phase. The calculation accounts for the period
of construction, the filling of the reservoir, and the service for a total duration of about 5 years.
The thermal properties of the material, the influence of cement hydration heat, the temperature of
the surrounding rock mass, the temperature of the fresh concrete mixture, and the corresponding
boundary conditions defining a heat transfer were taken into account. The height and width of the
blocks, as well as the sequence of concreting, were considered invariable, while the length of the
blocks (dimension in the direction of the dam’s axis equal to the monolith length) varied, with values
of 10.0, 12.5, 15.0, and 20.0 m. The obtained calculation results for the control nodes showed that
the maximum reduction in the monolith length (from 20.0 m to 10.0 m) caused a decrease in the
maximum temperature values of the concrete (from 1.6 to 3.4 ◦C, depending on the control node).
Also, the results showed that, by reducing the length of the monolith, there was a delay in the moment
at which the maximum temperature values of the concrete appeared in the selected control node. The
delay in reaching the maximum, in relation to the 10.0 m long monolith, was from 7 days (for points
on the crest dam) to 49 days (for points in the central zone of the monolith) for the other considered
monolith lengths. The above indicates the importance of concrete temperature control for longer
monoliths, especially during construction in extreme air temperatures. The main contribution of
the conducted analysis is the development of insight into temperature field changes depending on
monolith length, which can help engineers during the design and construction of new, as well as the
maintenance of existing, dams.

Keywords: concrete gravity dam; phased thermal analysis; initial and boundary conditions; temperature
field; blocks; monolith length

1. Introduction

After embedding concrete in the body of a dam, a cooling process begins. The process
of cooling can be sudden (the result of a change in the daily or seasonal air temperature) or
gradual (the result of a natural process by which the temperature of the concrete tends to
equalize with the average air temperature over many years).

As a result of the mentioned processes, thermal expansion of the concrete occurs,
which can cause the formation of cracks. The mentioned processes can lead to a decrease in
the durability and safety of these massive concrete structures [1].

The appearance of cracks in concrete gravity dams (CGDs) can be avoided or reduced
by the application of various measures, one of which is construction in separate monoliths.
The appropriate length of a monolith can be determined using a thermal stress analysis,
which is influenced by a large number of factors.
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Numerous researchers have investigated the thermal analysis (TA) of CGDs made
from conventional concrete (CVC), roller-compacted concrete (RCC), and rock-filled con-
crete (RFC).

In the field of CGDs made from CVC, Ishikawa [2] conducted numerical simulations
for the adopted material parameters and concrete-pouring schedule with the aim of de-
termining the thermal and stress states in the structure. The results of a temperature field
(TF) calculation were compared against the results of measurements on the dam, and a
good agreement was obtained. Leger et al. [3,4] presented a procedure for modelling the
thermal stress behavior under conditions of extremely low temperatures. The effect of solar
radiation was taken into account by increasing the mean annual temperature at the point
of contact of the concrete and air. Extensive parametric analyses were performed and the
thermal conditions were determined for the critical stresses in the structure. Daoud et al. [5]
carried out a two-dimensional phased TA of a dam with the surrounding rock mass using
the geometry extracted from papers [3,4]. Special attention was paid to the formulation
of the boundary conditions on the surface of the reservoir, which takes into account the
formation and melting of ice as well as the interaction between the dam and the rock mass.
The paper did not consider the heat of cement hydration, assuming that this process was
completed after several years of service. Ganelli et al. [6] conducted an analysis on the
influence of external factors on the horizontal displacements of a structure. This research,
which also included a statistical prediction model, showed that the influence of seasonal
changes of the external temperatures extended to a depth of 8.0 m, while the influence
of daily temperatures extended to a depth of 0.6 m inside the structure. Embaby et al. [7]
conducted a thermal stress analysis to determine the influence of variations in the consid-
ered parameters (construction dynamics, cement content in concrete mixture, and ambient
temperature) on the thermal and stress responses of the structure during construction.
Similar research was conducted by Sayed-Ahmed et al. [8] with the aim of determining
the impact of changing the time intervals for casting blocks on the structural behavior. For
the purposes of model verification within this research, the author’s experimental and
analytical models given in [9] were used. The presented results indicate the importance of
an adequate sequence and time interval for casting blocks.

On the subject of CGDs made of RCC, Cervera et al. [10,11] as well as Luna and
Wu [12] presented thermal stress analyses of construction processes in separate studies.
In [10,11], a parametric analysis was carried out in order to determine the effects of the
temperature of the fresh concrete mixture, the start date, and the speed of concreting on
the TF. As a part of his research, Amberg [13] presented the thermal behavior during
construction with the aim of optimizing the cooling process of a dam. Waleed et al. [14]
conducted an analysis on the influence of the start of concreting on the thermal stresses
of a CGD made of RCC. Solar radiation was taken into account by increasing the ambient
temperature by 1.0 ◦C. The results showed that the start of concreting during warm periods
of the year can cause thermal cracks that can spread through the body of the dam, especially
in the area of the foundation of the dam. Malkawi et al. [15] performed thermal stress
tests for different monolith lengths (15.0, 30.0, and 45.0 m). Zhang et al. [16] conducted
a thermal stress analysis during construction with and without the influence of surface
thermal insulation during the winter. Kurian et al. [17] performed a thermal parametric
analysis by varying the material thermal parameters, the pouring height of the concrete
layers, and the initial temperature of the concrete mixture. Kuzmanović et al. presented
a spatial numerical model for a phased calculation of the TF as a part of the research
in [18,19], where verification of the model was performed based on the results of measuring
the concrete temperatures in the dam’s body. Mirković et al. [20] carried out a thermal
stress analysis for two monolith lengths (15.0 m and 20.0 m) and presented a methodology
for optimizing the monolith length by controlling the thermal tensile stresses during the
construction and service of a CGD.

Zhang et al. [21] conducted an analysis of the influence of extremely low temperatures
on the behavior of rock-filled concrete (RFC) dams located in cold regions. The TF was
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calculated during the construction and exploitation process. The presented results showed
that the use of RFC gives lower temperatures and thermal stresses than CVC, and the
installation of an insulation layer on the surface of the dam body can significantly reduce
the thermal tensile stresses. As part of the research in [22], the application of modern types
of cements in the area of concrete dams was considered.

The aim of the research conducted in this paper was to show the influence of monolith
length on the temperature field of CGDs built using the block method over a period of
about five years.

In the numerical models, a phased TA was performed for four different monolith
lengths (20.0 m, 15.0 m, 12.5 m, and 10.0 m), taking into account the corresponding initial
and boundary conditions that define heat transfer. Model verification was carried out by
controlling the amplitudes in characteristic nodes with the help of a simplified calculation
method, which is presented in [4,23].

As a result of the calculation, the TF, the temperatures in characteristic nodes, and
their variations with changes in the monolith length during the construction and service
phases are shown. The presented results show a significant sensitivity to changes in the
monolith length.

2. Theoretical Framework
2.1. Concrete Hydration Process

Heat development in a concrete specimen [24–28] hardening under adiabatic condi-
tions (no heat transfer with the environment) can be determined as follows [25]:

dT
dt

=
QH
ρ·cp

=
dH
dt

(
1

ρ·cp

)
(1)

where T is the temperature of the concrete [◦C], ρ is the concrete density [kg/m3], Cp is the
specific heat capacity of the concrete [J/kg/◦C], QH is the heat-generation rate [W/m3],
and H is the heat of hydration of the concrete [J/m3].

The degree of hydration is a measure of the extent of reactions between cementitious
materials and water, and it is defined as follows [25]:

α(t) =
H(t)
HT

(2)

where α(t) is the degree of hydration at time t, H(t) is the cumulative heat of hydration
released at time t [J/m3], and HT is the total ultimate heat of hydration of the concrete
[J/m3].

The exponential formulation shown in Equation (3) has been demonstrated to accu-
rately represent the development of hydration [25].

α(te) = αu·exp

(
−
[

τ

te

]β
)

(3)

where α(te) is the degree of hydration at the equivalent age te, τ is the hydration time pa-
rameter [h], β is the hydration shape parameter, and αu is the ultimate degree of hydration,
which is given by the following equation:

αu =
1.031·w/c

0.194 + w/c
+ 0.50·pFA + 0.30·pslag (4)

where w/c is the water–cementitious ratio, pFA is the fly ash weight ratio in terms of
the total cementitious content, and pslag is the slag weight ratio in terms of the total
cementitious content.
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The total ultimate heat of hydration of the concrete can be calculated as follows [25]:

HT = Hu·Cc (5)

where HT is the total ultimate heat of hydration of the concrete [J/m3], Cc is the cementitious
material content [g/m3], and Hu is the total heat of hydration of the cementitious materials
at complete hydration [J/g].

2.2. Heat Transfer on Surfaces of Concrete Blocks

Heat transfer between the structure and the external environment occurs due to a
difference in the temperature of the concrete blocks’ surfaces and the ambient temperature.
Temperature differences can result from fluctuations in the temperature of the air or the
water in the reservoir; solar radiation; and the heat generated from cement hydration.

Fluctuations in the ambient temperature can be daily, due to sudden weather changes,
or yearly. Diurnal temperature variations have little effect on the CGD temperature field
due to their small penetration into a dam. Sudden weather changes are a rare phenomenon
and are not strictly periodic, while annual temperature variations are the most relevant for
calculations and are obtained from the mean monthly temperature fluctuations [26].

In deep reservoirs, the water temperature can be represented by the model defined
in [29], if there are relevant measurements of the air and water temperatures through the
depth. An example of the application of this model to a deep reservoir is given in [30].

The influence of solar radiation was not considered in this research. In these types of
analyses, solar radiation can be indirectly taken into account by increasing the combined
convective coefficient or mean surface temperature of the blocks.

2.3. Temperature of Fresh Concrete Mixture

One very important influence on the temperature field in a dam is the temperature of
the fresh concrete mixture. Therefore, lowering this temperature is one of the most effective
ways to limit the temperature increase in massive concrete dams [31].

To this end, slow-setting cements are used, the concrete is made with a smaller amount
of cement, retarders are used to slow down the cement-setting process, and ice is used
when making the mixture.

As for concrete-casting technology, the following steps are applied: the storage of
water in underground tanks, the thermal insulation of cement silos, the protection of
aggregates from direct sunlight, phased concreting, concreting at night, the cooling and
curing of concrete surfaces, the installation of cooling pipes for the cooling of concrete from
the inside, and the installation of prefabricated concrete elements where the hydration
process has been completed.

2.4. Temperature of the Surrounding Rock Mass

The temperature of the surrounding rock practically does not depend on seasonal
changes in the air temperature and, with the exception of the surface layer, can be assumed
to have a constant value [31].

Figure 1 shows all the heat-transfer processes presented in this paper.
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3. Numerical Models for Thermal Analysis
3.1. Model Description

In this research, a cross-section of a 95.0 m high monolith (Figure 2A) with 78 blocks
(Figure 3) and its material parameters were extracted from [20,32]. The FEM model was
created in the Lusas Academic software https://www.lusas.com [33]. The mesh was
created using hexahedral finite elements (Figure 2B).
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Figure 3. Blocks in the numerical model (the numbers indicate the sequence of concreting) [20].

The blocks were arranged by combining long blocks and vertical joints (Figure 3). The
length of the blocks was equal to the length of the monolith, the average width of the blocks
was 20.0 m, and the height varied from 3.0 m to 4.0 m.

3.2. Thermal Material Parameters

For the TF analysis of the dam, the adopted thermal parameters and concrete hydration
parameters are presented in Tables 1 and 2, respectively. The thermal parameters of the
rock mass are given in Table 3 [20].

Table 1. Concrete thermal parameters [20].

Symbol Parameter Value Unit

k Thermal conductivity coefficient 1.80 W/(m × K)
c Specific heat capacity 950.0 J/(kg × K)
α Coefficient of thermal expansion 11.5 × 10−6 1/◦C

h1
Combined convective heat-transfer

coefficient (air–concrete) 20.10 W/(m2 × K)

h2
Combined convective heat-transfer

coefficient (water–concrete) 500.0 W/(m2 × K)

Table 2. Concrete hydration parameters [20].

Parameter Value Unit

Cement ratio (type I) in the concrete mass
m (for Portland cement)

50 kg/m3

12.5 × 10−3 1/h
Water–cement ratio

Fly ash ratio in the concrete mass
0.47 -

225.0 kg/m3

CaO ratio in the fly ash 17.0 %

3.3. Boundary Conditions for Thermal Analysis

In the TF analysis, the following boundary conditions were considered:

• The interface between the blocks and the rock mass;
• The interface between the old and fresh concrete blocks;
• The contact of the block’s surface with air;
• The contact of the block’s surface with water;
• The temperature of the fresh concrete mixture (the initial condition).
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Table 3. Rock mass thermal parameters [20].

Symbol Parameter Value Unit

k Thermal conductivity
coefficient 2.40 W/(m × K)

c Specific heat capacity 880.0 J/(kg × K)

α
Coefficient of thermal

expansion 9.0 × 10−6 1/◦C

The concrete monolith was assigned a thermal boundary condition that allowed for
free heat transfer between the blocks and the rock mass, as well as among all the adjacent
blocks of the observed monolith at the points of contact surfaces (blue, Figures 4 and 5).
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On the surfaces of the blocks that were in contact with air (blue; Figures 6 and 7), the
measured ambient temperatures were inserted (Table 4) [20,34].

For all the concrete surfaces in the galleries, the average monthly air temperatures are
given in Table 5 [20,34].

At the same time, the temporal and spatial “shifted” concreting of the blocks of
neighboring monoliths was taken into account, which ensured the proper cooling of the
freshly cast block of the considered monolith from all sides [20].
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Table 4. Measured air temperature, Ta [◦C] [20,34].

Date/Time 2 4 6 8 10 12 14 16 18 20 22 24

X 8–23 10.2 11.5 12.7 13.9 15.5 18.0 20.5 19.0 15.4 12.4 10.7 9.0
X–XI 23–8 4.2 5.4 6.7 7.9 9.1 9.5 10.0 9.4 7.5 5.4 4.2 3.0

XI 8–23 4.6 5.2 5.8 6.5 7.4 9.0 10.6 9.6 7.9 6.4 5.2 4.0
XI–XII 23–8 2.2 2.4 2.6 2.8 3.3 4.5 5.8 5.4 4.5 3.7 2.8 2.0

XII 8–23 0.0 0.0 0.0 0.0 0.4 2.5 4.5 3.6 2.5 1.8 1.0 0.0
XII–I 23–8 6.2 6.4 6.6 6.8 7.1 7.5 7.9 7.3 7.0 6.8 6.4 6.0

I 8–23 −1.8 −1.6 −1.4 −1.2 −0.5 1.5 3.6 3.3 2.7 −0.4 −1.2 −2.0
I–II 23–8 1.2 1.4 1.6 1.8 2.2 3.0 3.8 3.3 2.5 1.8 1.5 1.0
II 8–23 2.0 2.0 2.0 2.0 2.4 4.0 5.6 5.4 4.5 3.6 2.9 2.0

II–III 23–8 0.2 0.4 0.6 0.8 1.4 3.4 5.6 5.4 4.5 3.3 1.6 0.0
III 8–18 1.2 1.4 1.6 1.8 2.3 3.5 4.8 3.7 2.5 2.0 1.6 1.0

III 18–31 1.0 1.0 1.0 1.0 1.2 2.5 3.7 4.0 4.0 3.5 2.2 1.0
IV 1–14 4.6 4.7 4.8 4.9 5.4 7.5 9.6 10.0 9.0 7.4 6.0 4.5

IV 15–28 4.6 4.2 3.7 3.3 3.9 8.5 13.1 14.0 13.5 11.7 8.3 5.0
IV–V 29–11 15.2 16.0 16.7 17.4 18.4 20.5 22.6 23.0 21.5 19.1 16.8 14.5

V 12–26 13.0 14.1 15.1 16.2 17.7 21.0 24.3 24.3 23.0 20.3 16.2 12.0
V–VI 27–9 15.2 14.9 14.6 14.2 14.9 19.5 24.1 25.0 24.0 21.7 18.6 15.5
VI 10–24 17.0 17.0 17.0 17.0 17.9 22.5 27.1 28.0 26.5 23.7 20.3 17.0

VI–VII 25–7 21.2 20.9 20.6 20.2 21.0 26.0 31.0 31.3 29.5 26.9 24.2 21.5
VII 8–22 24.0 22.9 21.9 20.8 20.9 25.5 30.1 30.1 28.5 26.7 25.8 25.0

VII–VIII 23–5 20.7 19.5 20.0 21.7 23.8 28.0 32.2 33.0 32.0 29.5 25.7 22.0
VIII 6–19 20.3 18.7 19.0 20.7 22.7 26.0 29.3 30.7 29.5 27.0 24.5 22.0

VIII–IX 20–2 16.2 15.3 16.0 17.7 19.6 22.5 25.4 24.7 23.5 22.0 19.5 17.0
IX 3–9 15.2 14.3 14.7 16.0 17.5 20.0 22.5 23.0 22.0 20.2 18.1 16.0
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Table 5. The measured mean monthly temperatures of air inside the galleries [20,34].

Month I II III IV V VI VII VIII IX X XI XII

Tag,mm
(◦C) 10 10 12 14 16 20 22 22 20 16 12 10

The reservoir was filled to a level 225.0 m above sea level (ASL) in three steps. The
water temperature is assumed to be constant in the amount of 9.0 ◦C throughout the entire
depth [20,34].

The temperature of the surrounding rock mass was assumed to have a constant mean
multiannual value of 13.0 ◦C [20].

The values of the input temperatures of the fresh concrete mixture for the analysis are
given in Table 6 [20,34].

Table 6. The measured mean monthly temperatures of the fresh concrete mixture [20,34].

Month X XI XII I II III IV V VI

Tc (◦C) 10.0 9.7 9.5 9.5 9.7 9.7 12.3 13.1 12.9

The analysis was conducted over a period of about 5 years, and it covered the con-
struction, reservoir filling, and service life of the structure. The construction period covered
the first 512 days. The period from construction completion to the beginning of reservoir
filling lasted from day 512 to day 1080, while the period of reservoir filling and the service
life period comprised the remaining analyzed time until day 1804 [20]. Additionally, two
winter New Year’s breaks (with a duration of 12 days) as well as one summer break (with a
duration of 135 days) were taken into account during construction. Construction began on
18 October of the first year.

4. Analysis Results
4.1. Verification of the Model

For the purposes of model verification, characteristic nodes (Figure 8) were selected
that the authors regarded as the best-suited nodes to represent the development of the heat
of hydration of the concrete and the influence of the boundary conditions used. In these
nodes, the results of the temperature field over time for the considered monolith lengths
were observed, as well as the temperature variations depending on the monolith lengths
(Figures 9–16).
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Figures 9 and 10 show the concrete temperature as a function of the construction and
service life duration for nodes on the upstream (node 2787) and downstream (node 2853)
faces of the structure. In these figures, it is possible to see changes in the node temperatures
during annual and daily oscillations. The node on the upstream face was in contact with
water from the reservoir, so the diagram shows a sudden change in temperature after the
water level reached the z coordinate of this node. The displayed temperatures were the
same for all the considered monolith lengths, so the diagrams of these temperatures overlap.

The concrete temperatures in node 2938 (Figure 11), located in the monolith’s central
zone, as well as the concrete temperatures in node 3016 (Figure 13), located above the
monolith’s central zone, but closer to the downstream face, showed a sudden increase
due to the release of heat from cement hydration. After reaching the maximum value, the
concrete-cooling process was evident.

The concrete temperature at node 2938 reached the following maximum values, de-
pending on the considered monolith length: 32.9 ◦C (L-20), 32.3 ◦C (L-15), 31.7 ◦C (L-12.5),
and 31.0 ◦C (L-10). The maximum values of the concrete temperatures occurred at different
times, depending on the considered monolith length: after 74 days (L-20), after 55 days
(L-15), after 48 days (L-12.5), and after 25 days (L-10). In the final analysis step, the concrete
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temperatures had the following values: 22.9 ◦C (L-20), 22.9 ◦C (L-15), 22.8 ◦C (L-12.5), and
22.6 ◦C (L-10). Figure 12 shows the changes in the calculated temperatures in node 2938
that occurred with a monolith length change, and in relation to the temperature values
obtained in the thermal analysis for a monolith length of 20.0 m. It can be seen that the
most extreme values of temperature changes in node 2938 were as follows: 1.1 ◦C for a
reduction of 5.0 m, 1.8 ◦C for a reduction of 7.50 m, and 2.6 ◦C for a reduction of 10.0 m.

The concrete temperature in node 3016, located above the monolith’s central zone,
closer to the downstream face, reached the following maximum values, depending on the
considered monolith length: 35.1 ◦C (L-20), 34.3 ◦C (L-15), 33.5 ◦C (L-12.5), and 32.3 ◦C
(L-10). As in the case of node 2938, the maximum values of the concrete temperatures
occurred at different times, depending on the considered monolith length: after 83 days
(L-20), after 66 days (L-15), after 60 days (L-12.5), and after 56 days (L-10). In the final
analysis step, the concrete temperatures had the following values: 19.8 ◦C (L-20), 19.7 ◦C
(L-15), 19.7 ◦C (L-12.5), and 19.6 ◦C (L-10). Figure 14 shows the changes in the calculated
temperatures in node 3016 that occurred with a monolith length change, and in relation to
the temperature values obtained in the thermal analysis for the monolith length of 20.0 m.
It can be seen that the most extreme values of temperature changes in this node were as
follows: 1.5 ◦C for a reduction of 5.0 m, 2.4 ◦C for a reduction of 7.50 m, and 3.4 ◦C for a
reduction of 10.0 m.

The concrete temperatures in node 3184, which was located in the zone of the dam’s
crest, indicated a significant influence of seasonal changes on the air temperature. It can
also be seen that the concrete temperatures in the node were closer to the average annual
air temperature.

The concrete temperature at node 3184 reached the following maximum values, de-
pending on the considered monolith length: 31.5 ◦C (L-20), 31.8 ◦C (L-15), 31.8 ◦C (L-12.5),
and 31.3 ◦C (L-10). The maximum values of the concrete temperatures occurred at different
times, depending on the considered monolith length: after 32 days (L-20), after 27 days
(L-15 and L-12.5), and after 25 days (L-10). In the final analysis step, the concrete tempera-
tures had a value of 14.7 ◦C for all the considered monolith lengths. Figure 16 shows the
changes in the calculated temperatures of node 3184 that occurred with a change in the
monolith length, and in relation to the temperature values obtained in the thermal analysis
for a monolith length of 20.0 m. It can be seen that the most extreme values of temperature
changes in this node were as follows: 0.5 ◦C for a reduction of 5.0 m, 0.9 ◦C for a reduction
of 7.50 m, and 1.6 ◦C for a reduction of 10.0 m.

Many empirical formulae have been developed to obtain the temperature variations
in concrete dams. One such equation, which was developed for thick concrete sections and
assumes a sinusoidal representation for the air temperature, is given in [23].

In the control nodes 3016 and 3184, where the influence of the ambient temperature
penetration can be seen in the previously shown images, verification of the amplitude of
the concrete temperature oscillations was carried out using the aforementioned calculation
method proposed in [4,23], which was suitable for this dam.

Rx

R0
= exp(−x·

√
π

h2·θ ), (6)

where:
h2 =

k
c·ρ , (7)

where:

• Rx is the value of the concrete temperature oscillation amplitude at the selected point
inside the structure [◦C];

• R0 is the value of the concrete temperature oscillation amplitude at a point on the
surface of the structure [◦C];

• x is the distance of the observed point from the outer surface of the concrete structure [m];
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• h2 is the diffusivity of the concrete [m2/day];
• θ is the air temperature oscillation period (365 days);
• k is the thermal conductivity coefficient [J/day m K];
• c is the specific heat capacity of the concrete [J/kg/K];
• ρ is the concrete density [kg/m3].

The verification was carried out for the last 12 months of the service life of the structure
for node 3016 and for the last 16 months of the service life of the structure for node 3184,
because, over the specified period, the concrete inside the structure was in the cooling
process, was not influenced by the hydration process, and was in the zone of influence of
the ambient temperature.

The value of the analytical oscillation amplitude for node 3016 (which was 11.25 m
from the nearest outer surface) was 0.38 ◦C, while the value of the amplitude obtained by
the model was 0.41 ◦C.

Also, the value of the analytical oscillation amplitude for node 3184 (which was 3.80 m
from the nearest outer surface) was 5.29 ◦C, while the value obtained by the model was
4.43 ◦C.

When calculating the analytical amplitude values, R0 was adopted as 20.18 ◦C (based
on the presented temperature values on the structure’s surface).

A diagram of the dependence of the amplitude ratio on the node distance from the
external surface of the analyzed CGD is presented in Figure 17.
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• Based on the results presented for the control nodes and the performed verification,
it can be concluded that the numerical model simulated the thermal behavior of the
analyzed CGD well.

• The results of the temperature field calculation in the dam’s body are presented
in selected characteristic time sections. As the rock mass was not the subject of
this work, this part of the model has been omitted from the following results. The
selected characteristic time sections were as follows: the 84th day (10 January of the
second year), the 283rd day (27 July of the second year), the 512th day (13 March of the
third year), the 1080th day (2 October of the fourth year), the 1505th day (1 December
of the fifth year), and the 1804th day (25 September of the sixth year). The first three
sections show the period of construction, while the remaining three show the period
of the service life.
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4.2. Temperature Field during Construction

The increase in the temperature due to hydration heat can be seen in Figures 18 and 19
(for the construction period), as well as in Figure 20 (for the period immediately after
the completion of construction) for all the analyzed monolith lengths. These parts of the
structure were recognized as zones with concrete temperatures in the range of 35.2–41.4 ◦C.

Appl. Sci. 2024, 14, x FOR PEER REVIEW  15  of  28 
 

4.2. Temperature Field during Construction   

The increase in the temperature due to hydration heat can be seen in Figures 18 and 

19 (for the construction period), as well as in Figure 20 (for the period immediately after 

the completion of construction) for all the analyzed monolith lengths. These parts of the 

structure were recognized as zones with concrete temperatures in the range of 35.2–41.4 

°C. 

 

Figure 18. Isometric view of the TF for different monolith lengths (84th day—10 January of the 2nd 

year). 

 

Figure 19. Isometric view of the TF for different monolith lengths (283rd day—27 July of the 2nd 

year). 

 

Figure 20. Isometric view of the TF for different monolith lengths (512th day—13 March of the 3rd 

year). 

The influence of winter air temperatures on the near-surface zones of the monoliths 

is evident in Figure 18, as well as in Figure 20 for all the analyzed monolith lengths. 

Figure 18. Isometric view of the TF for different monolith lengths (84th day—10 January of the
2nd year).

Appl. Sci. 2024, 14, x FOR PEER REVIEW  15  of  28 
 

4.2. Temperature Field during Construction   

The increase in the temperature due to hydration heat can be seen in Figures 18 and 

19 (for the construction period), as well as in Figure 20 (for the period immediately after 

the completion of construction) for all the analyzed monolith lengths. These parts of the 

structure were recognized as zones with concrete temperatures in the range of 35.2–41.4 

°C. 

 

Figure 18. Isometric view of the TF for different monolith lengths (84th day—10 January of the 2nd 

year). 

 

Figure 19. Isometric view of the TF for different monolith lengths (283rd day—27 July of the 2nd 

year). 

 

Figure 20. Isometric view of the TF for different monolith lengths (512th day—13 March of the 3rd 

year). 

The influence of winter air temperatures on the near-surface zones of the monoliths 

is evident in Figure 18, as well as in Figure 20 for all the analyzed monolith lengths. 

Figure 19. Isometric view of the TF for different monolith lengths (283rd day—27 July of the 2nd year).

Appl. Sci. 2024, 14, x FOR PEER REVIEW  15  of  28 
 

4.2. Temperature Field during Construction   

The increase in the temperature due to hydration heat can be seen in Figures 18 and 

19 (for the construction period), as well as in Figure 20 (for the period immediately after 

the completion of construction) for all the analyzed monolith lengths. These parts of the 

structure were recognized as zones with concrete temperatures in the range of 35.2–41.4 

°C. 

 

Figure 18. Isometric view of the TF for different monolith lengths (84th day—10 January of the 2nd 

year). 

 

Figure 19. Isometric view of the TF for different monolith lengths (283rd day—27 July of the 2nd 

year). 

 

Figure 20. Isometric view of the TF for different monolith lengths (512th day—13 March of the 3rd 

year). 

The influence of winter air temperatures on the near-surface zones of the monoliths 

is evident in Figure 18, as well as in Figure 20 for all the analyzed monolith lengths. 

Figure 20. Isometric view of the TF for different monolith lengths (512th day—13 March of the
3rd year).

The influence of winter air temperatures on the near-surface zones of the monoliths is
evident in Figure 18, as well as in Figure 20 for all the analyzed monolith lengths.

In Figure 19, which shows the temperature field at the time of the summer break
from concreting, which lasted 135 days—from June 20th to November 2nd of the second



Appl. Sci. 2024, 14, 3248 16 of 29

year—the influence of the summer temperatures on the surfaces in contact with the air can
be seen. Such extreme conditions, in combination with an increase in the temperature due
to hydration, caused increases in the temperature of the cross-sections of the monoliths of
the considered lengths (up to 41.0 ◦C). The influence of high air temperatures during the
summer break was also reflected in the temperature field at the time of the completion of
the monolith’s construction (Figure 20). It can be seen that the concrete temperatures in
the central cross-section area still significantly increased. It is emphasized that summer
breaks during concreting as well as the proper curing of concrete during breaks (the use of
covers, wetting the concrete) are extremely important in order to prevent excessive heating
of the structure [35–37]. The concrete-curing process during the summer break was not
considered in this research.

In Figure 20, it can be seen that the cooling process can also be influenced by the
galleries in the dam’s body. As stated in [31], this boundary condition is set around the
perimeter of all galleries. Therefore, its influence on the temperature field should be taken
with reservations due to a lack of complete measurements, which is why the stated values
were determined based on the mean monthly ambient temperatures.

Figures 21–23 show the TF in selected horizontal cross-sections during construction
for all the considered monolith lengths: at 146.50 m ASL for the 84th day, at 169.0 m
ASL for the 283rd day, and at 162.75 m ASL for the 512th day. The position of these
horizontal cross-sections was chosen so that they represent the zones with increased values
of concrete temperatures, as well as changes in these temperatures with monolith length
variations. Additionally, the positions of the transverse and longitudinal sections (upstream–
downstream and towards the river banks, respectively) of the horizontal planes are marked
with dashed black lines, in which temperature changes with monolith length variations
are shown.
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Figure 21. The TF in the horizontal plane for different monolith lengths (84th day—10 January of the
2nd year—at 146.50 m ASL).

Figures 24–26 show diagrams of the concrete temperatures in a horizontal cross-section
at 146.50 m ASL for the considered monolith lengths for the 84th day from the beginning of
construction. Based on the diagram, it can be concluded that the displayed temperatures
decreased with a reduction in the monolith length, by a maximum of 0.4 ◦C when changing
the monolith length from 20.0 m to 15.0 m, 1.1 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 2.3 ◦C when changing the monolith length from 20.0 m to 10.0 m.
The specified extreme values of the changes were not located at the points of maximum
temperature values in the considered cross-section.
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Figure 24. Concrete temperatures in the middle of the horizontal section, in the upstream–
downstream direction, at 146.50 m ASL for different monolith lengths (84th day—10 January of
the 2nd year).

Figures 27–29 show diagrams of the concrete temperatures in a horizontal cross-section
at 169.0 m ASL for the considered monolith lengths for the 283rd day from the beginning
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of construction. Based on the diagram, it can be concluded that the displayed temperatures
decreased with a reduction in the monolith length, by a maximum of 0.9 ◦C when changing
the monolith length from 20.0 m to 15.0 m, 1.4 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 1.6 ◦C when changing the monolith length from 20.0 m to 10.0 m. As
with the previous diagrams (for the 84th day), the extreme values of the changes were not
located at the points of maximum temperatures in the considered cross-section.
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direction, at 146.50 m ASL for different monolith lengths (84th day—10 January of the 2nd year).
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Figure 26. Concrete temperatures in the horizontal section, in the direction of the dam’s axis, at
146.50 m ASL for different monolith lengths (84th day—10 January of the 2nd year).

Figures 30–32 show diagrams of the concrete temperatures in a horizontal cross-section
at 162.75 m ASL for the considered monolith lengths for the 512nd day from the beginning
of construction. Based on the diagram, it can be concluded that the temperatures decreased
with a reduction in the monolith length, by a maximum of 0.6 ◦C when changing the
monolith length from 20.0 m to 15.0 m, 0.8 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 1.1 ◦C when changing the monolith length from 20.0 m to 10.0 m.
Unlike the previous diagrams (for the 84th and 283rd days), the extreme values were
located exactly at the points of maximum temperatures in the considered cross-section.
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direction, at 169.0 m ASL for different monolith lengths (283rd day—27 July of the 2nd year).
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Figure 30. Concrete temperatures in the middle of the horizontal section, in the upstream–
downstream direction, at 162.75 m ASL for different monolith lengths (512nd day—13 March of the
3rd year).
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direction, at 162.75 m ASL for different monolith lengths (512nd day—13 March of the 3rd year).
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4.3. Temperature Field during Service Life

After the construction had completed, the gradual cooling of the structure began. In
Figures 33–35, this process can be seen as a reduction in the elevated temperatures of the
central part of the monolith cross-section.
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The influence of winter air temperatures on the near-surface zones of the monoliths is
evident in Figure 34 for all the analyzed monolith lengths.
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In Figures 33–35, it can also be seen that the cooling process was affected by the water
temperature in the reservoir (blue-colored zones on the upstream side in the contact zone
with the reservoir).

Figure 34 shows that the cooling process is still affected by the galleries in the dam’s
body. Here, too, the note given in the previous sub-chapter applies, because the temperature
values were determined based on the mean monthly values of the ambient temperature [31].

Figures 36–38 show the temperature fields in selected horizontal cross-sections during
the service life for all the considered monolith lengths: at 172.0 m ASL for the 1080th and
1505th days, and at 170.50 m ASL for the 1804th day. The position of these horizontal
cross-sections was chosen so that they represent the zones with increased values of concrete
temperatures, as well as changes in these temperatures with variations in the monolith
length. The positions of transverse and longitudinal sections (upstream–downstream and
towards the river banks, respectively) of the horizontal planes are marked with dashed
lines, in which temperature changes with monolith length variations are shown.
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Figure 36. The TF in the horizontal plane for different monolith lengths (1080th day—2 October of
the 4th year—at 172.0 m ASL).
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Figure 37. The TF in the horizontal plane for different monolith lengths (1505th day—1 December of
the 5th year—at 172.0 m ASL).

Figures 39–41 show diagrams of the concrete temperatures in a horizontal cross-section
at 172.0 m ASL for the considered monolith lengths for the 1080th day from the beginning
of construction. Based on the diagram, it can be concluded that the displayed temperatures
decreased with a reduction in the monolith length, by a maximum of 0.2 ◦C when changing
the monolith length from 20.0 m to 15.0 m, 0.3 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 0.5 ◦C when changing the monolith length from 20.0 m to 10.0 m.
The specified extreme values of the changes were located at the points of the maximum
temperature values in the considered cross-section.
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downstream direction, at 172.0 m ASL for different monolith lengths (1080th day—2 October of the
4th year).
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Figure 41. Concrete temperatures in the horizontal section, in the direction of the dam’s axis, at
172.0 m ASL for different monolith lengths (1080th day—2 October of the 4th year).

Figures 42–44 show diagrams of the concrete temperatures in a horizontal cross-section
at 172.0 m ASL for the considered monolith lengths for the 1505th day from the beginning
of construction. Based on the diagram, it can be concluded that the displayed temperatures
decreased with a reduction in the monolith length, by a maximum of 0.1 ◦C when changing
the monolith length from 20.0 m to 15.0 m, 0.2 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 0.5 ◦C when changing the monolith length from 20.0 m to 10.0 m. The
specified extreme values of the changes were also located at the points of the maximum
temperature values in the considered cross-section.
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Figure 42. Concrete temperatures in the middle of the horizontal section, in the upstream–
downstream direction, at 172.0 m ASL for different monolith lengths (1505th day—1 December
of the 5th year).

Figures 45–47 show diagrams of the concrete temperatures in a horizontal cross-section
at 170.50 m ASL for the considered monolith lengths for the 1804th day from the beginning
of construction (the final calculation day). Again, the displayed temperatures decreased
with a reduction in the monolith length, by a maximum of 0.1 ◦C when changing the
monolith length from 20.0 m to 15.0 m, 0.2 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 0.3 ◦C when changing the monolith length from 20.0 m to 10.0
m. As in the case of the previous two cross-sections, the specified extreme values of the
changes were located at the points of the maximum temperature values in the considered
cross-section.
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5. Discussion

By analyzing previous research on the topic of thermal stress analyses of concrete dams,
it was observed that the scope of the research on the monolith lengths of concrete gravity
dams built using the block method is not wide enough. The problem of determining the
monolith lengths has mainly been considered for gravity dams made of roller-compacted
concrete (RCC).

This research was conducted with the use of a phase thermal analysis based on the
finite element method. With the above, all the relevant thermal contour conditions were
considered (those on the surfaces between the blocks and the rock mass, those on the
surfaces between previously poured and newly poured blocks, those on the surfaces of the
blocks that were in contact with water and air, and the initial temperature of the concrete
mixture), as well as the concrete hydration process.

The conducted research describes, in more detail, the thermal behavior of the GBB,
which was built using the block method during construction, the filling of the reservoir,
and exploitation, and shows the influence of the monolith length (the distance between
contraction joints) on the development of the temperature field.
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Gravity dams are built in monoliths that enable the operation of the joint, which allows
the thermal stresses to be relieved and prevents the formation of cracks. The length of the
monolith, the dimensions of the blocks, and the schedule of concreting were determined in
the past by experience instead of by conducting a complex thermal stress analysis.

The results of the conducted analysis improve the understanding of the thermal
processes (which affect the development of thermal tension stresses) in concrete gravity
dams, which could influence design decisions in order to increase the durability and
reliability of these massive hydrotechnical objects. After concreting a block, it heats up
due to the release of the heat of hydration. The heating of the concrete can be additionally
supported by extremely high air temperatures for a long period of time. Subsequently, in
the concrete-cooling process, which is evident in the results shown for both the construction
process and the exploitation process, cracks may appear as a consequence of the volume-
shrinkage process.

The presented results also show a significant sensitivity of the temperature field to
changes in the value of the monolith length.

The above indicates the importance of controlling the temperature of the concrete
(by carrying out measures during preparation as well as after pouring) under conditions
of extreme temperatures, as well as the importance of choosing an adequate length for
the monolith.

In order to develop complete insight into the thermal stress behavior of the structure,
a stress-deformation analysis of the developed models should be conducted.

The disadvantages of the developed model are reflected in the omission of the depen-
dence of the thermal and mechanical properties of the material on the temperature and
the validation of the model by comparison with real temperature measurement data for
the concrete during the construction and exploitation phases of the structure (it was not
possible to implement it due to a change in the construction method).

Variations in the block layout, the duration of concreting, the dependence of material
thermal properties on the temperature and moisture content, the influence of solar radiation,
and the use of pipe systems for cooling and curing concrete during construction can
be considered comprehensive guidelines for improving the presented research or for
further research.

The developed models can, with the application of multiple calculations, enable a
sensitivity analysis of the used parameters and the use of a larger number of control nodes,
and they can also provide more accurate calculation results and even better insight into the
thermal behavior of these structures.

6. Conclusions

As part of this research, an extensive long-term numerical thermal analysis of a non-
overflow monolith of a 95.0 m high concrete gravity dam, built using the block method,
was carried out, taking into account the realistic initial and boundary conditions for the
period of construction, the filling of the reservoir, and the service, for a total duration of
about 5 years.

The main contribution of the conducted research is the analysis of the maximum
values of concrete temperatures in a monolith, as well as changes in these values depending
on the monolith length reduction.

The obtained results show that, for the node in the central monolith zone, the extreme
values of the temperature changed to 1.1 ◦C when changing the monolith length from
20.0 m to 15.0 m, 1.8 ◦C when changing the monolith length from 20.0 m to 12.5 m, and
2.6 ◦C when changing the monolith length from 20.0 m to 10.0 m. For the node above the
central monolith zone, closer to the downstream face, the extreme values of the temperature
change were as follows: 1.5 ◦C when changing the monolith length from 20.0 m to 15.0 m,
2.4 ◦C when changing the monolith length from 20.0 m to 12.5 m, and 3.4 ◦C when changing
the monolith length from 20.0 m to 10.0 m. Finally, for the node in the crest of the dam,
the extreme values of the temperature change were as follows: 0.5 ◦C when changing the
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monolith length from 20.0 m to 15.0 m, 0.9 ◦C when changing the monolith length from
20.0 m to 12.5 m, and 1.6 ◦C when changing the monolith length from 20.0 m to 10.0 m.

The general conclusions of this research could be applied to other massive concrete
structures, but, considering the different possible geometries of these constructions and the
different possible climatic conditions in which they are located, a separate thermal analysis
should be carried out for each one.
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