friried applied
1 sciences

Article

Long-Term Thermal Stress Analysis and Optimization of
Contraction Joint Distance of Concrete Gravity Dams

Uros Mirkovi¢ 1*, Vladan Kuzmanovi¢ 2 and Goran Todorovic 2

Citation: Mirkovi¢, U.;
Kuzmanovi¢, V.; Todorovi¢, G.
Long-Term Thermal Stress Analysis
and Optimization of Contraction
Joint Distance of Concrete Gravity
Dams. Appl. Sci. 2022, 12, 8163.
https://doi.org/10.3390/app12168163

Academic Editors:

Panagiotis G. Asteris

Received: 24 July 2022
Accepted: 12 August 2022
Published: 15 August 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Jaroslav Cerni Water Institute, 11226 Belgrade, Serbia
2 Faculty of Civil Engineering, University of Belgrade, 11120 Belgrade, Serbia
* Correspondence: uros.mirkovic@jcerni.rs

Abstract: Results of the conducted research aiming to demonstrate the methodology of optimization
of dam monolith length (distance between contraction joints), through monitoring the thermal ten-
sile stresses during construction and service life of a concrete gravity dam that is built using the
block method, are presented in this paper. A 3D space-time numerical model for phased thermal
stress analysis is employed in a large concrete gravity dam case study. For the adopted block di-
mensions, schedule, and dynamics of construction and material parameters, the thermal stress anal-
ysis is conducted, taking into account the following: thermal physical properties of the material, the
cement hydration process, heat exchange with the external environment and the reservoir, and self-
weight of the structure. The main advantage of the proposed methodology is the possibility of con-
trolling the cracks resulting from thermal tensile stresses in the monolith of a concrete gravity dam,
by optimizing the monolith’s length to minimize the zones in which the tensile capacity of concrete
is exceeded. The results obtained from the temperature field analysis show that the maximum tem-
perature increase in the dam’s body results from the cement hydration process in combination with
summer air temperatures in the construction phase. The aforementioned factors account for the in-
crease in temperature of up to 45.0 °C, while during winter cooling of the structure occurs due to
lower temperatures, especially in the surface zones. The results of the stress field analysis show that
the extreme values of thermal tensile stresses are present in the process of a sudden or gradual
cooling of the concrete when shrinkage occurs. Finally, it is shown that the reduction of the monolith
length by 5.0 m (from 20.0 m to 15.0 m) results in a decrease in the extreme thermal tensile stress
values by an average of 0.70 MPa (up to 12.0%) in winter and an average of 1.10 MPa (up to 20.0%)
in summer; while for the entirety of the analyzed time period, results in a decrease in the extreme
thermal tensile stress values by an average of 16.0% (0.93 MPa).

Keywords: phased thermal stress analysis; concrete gravity dam; temperature field; thermal tensile
stresses; monolith length; crack control

1. Introduction

Immediately upon pouring the concrete, the temperature in the body of a concrete
gravity dam (CGD) rises [1-4]. As a consequence of the cooling of concrete, thermal dila-
tations initiate a change in the volume of the structure [2,3,5,6]. If the volumetric defor-
mations are restrained or limited, this leads to the formation of thermal tensile stresses
(TTS), which can eventually cause cracking in the structure [1-3]. Cracks tend to expand
over time, reducing the dam’s capacity, enabling water penetration, and the increase in
uplift forces [3,4,7,8].

Numerous researchers have dealt with the thermal analysis of concrete dams [9-15].
James and Dollar [16] conducted thermal stress analysis (TSA) of a concrete arch dam,
taking into account the hydration heat for every freshly poured concrete block, phased
change of the boundary conditions in the model, as well as crack development, but not
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including the impact of changes to the blocks” dimensions on the crack formation process.
Malkawi et al. [17] simulated the construction process of a CGD made of roller compacted
concrete (RCC), which is built in layers. TSA was conducted for different monolith lengths
(15, 30, and 45 m), accounting for the hydrostatic pressure on the upstream face, which
distorted the field of TTS (which exclusively occurs as a consequence of thermal processes
in the structure). Sheibany and Ghaemian [18] analyzed stresses in a concrete arch dam
taking into account all the relevant thermal processes, self-weight of the structure, and
hydrostatic pressure, which, as shown in the previous paper, does not provide a clear
insight into TTS which are exclusively a consequence of thermal processes in the structure.
Castilho et al. [19] conducted coupled chemo-thermal 3D analysis of a concrete arch dam
and simulated hydration heat based on test results carried out during construction. Sala-
zar et al. [20] analyzed the relevance of a correct calculation of the reference temperature
to adequately determine the stress state of the arch dam. Kuzmanovic et al. [21,22] pre-
sented a methodology for calculating the monolith length of CGD Platanovryssi (Greece)
made of RCC. In [21,22], the authors acknowledged all the relevant thermal processes
along with the self-weight of the structure and described the realistic TTS field in the
structure. The developed model is applicable with CGD made of RCC in which the placing
of concrete is executed in layers up to 1 m thickness, as opposed to the model presented
in this paper where the construction process is simulated on the same CGD by using the
block method (TSA in case of changing construction technology). Sayed-Ahmed et al. [23]
conducted coupled TSA of a CGD taking into account the relevant thermal processes, and
experimental and analytical models of the authors [24] for model verification. The con-
ducted analysis did not take into account the impact of different monolith lengths on the
stress field (SF) in the dam’s body. Thermal stresses can present a big issue in many engi-
neering topics, as well as additive manufacturing and other manufacturing processes [25—
28].

Exceedance of concrete tensile resistance resulting from TTS occurs in the dam’s axis
direction. This causes cracks in the vertical plane, through the height of the dam’s cross-
section. Crack width and spacing between the adjacent cross-sections in which they occur
depend on the degree of restraint against the change of volume; this is a function of the
environment in which the foundation of the dam is cast, adjacent structures which are in
contact with the dam, as well as previously cast concrete blocks [1]. Given possible conse-
quences that damaging or eventual collapse of these types of objects [29] would have on
the environment, it is customary to limit and sustain TTS below the concrete tensile re-
sistance which is, for concrete class from C20/25 to C40/50, in the range from 2.2 to 3.5
MPa [5].

The goal of the research conducted in this paper is to present the methodology for
optimizing the monolith length (spacing between the contraction joints) to reduce the im-
pact of the thermal processes on the increase in TTS in concrete and thus reducing crack-
ing, and degradation of durability and safety of CGD [30,31].

In this research, in the calculation models developed by the authors, which simulate
the construction process using the block method, a phase semi-coupled TSA was per-
formed, taking into account the following thermal boundary conditions: at the interface
between the blocks and the rock mass, at the interface between the old and newly poured
blocks, at the surfaces of blocks that are in contact with air and water, as well as tempera-
ture levels of the surrounding rock mass and fresh concrete mix. The analysis is conducted
over a long-term period that entails the construction, reservoir filling, and exploitation
process of the structure. Two different monolith lengths were considered (20.0 m and 15.0
m).

TTS analysis, performed on the calculation model, takes into account all the relevant
thermal processes, and self-weight of the structure, but disregards other actions which
would disturb the realistic TTS field (hydrostatic pressure and the uplift forces).

As the result of the analysis, the temperature fields (TF), the stress fields (SF), as well
as the zones in which the concrete tensile resistance in the dam’s axis direction is exceeded,
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are shown for characteristic construction and exploitation phases. TF results show sensi-
tivity to the cement hydration process [32] and external environment conditions during
construction and exploitation. SF results show the sensitivity of the structure to the pro-
cess of shrinkage of concrete caused by a sudden or gradual cooling process, as well as to
the change of the monolith length, whereupon the reduction of the zones in which the
concrete tensile resistance is exceeded resulting from the reduction of the monolith length
is noticed.

The results of the research point out the significance of the process of optimization of
the monolith length and the possibility of advancing the presented methodology by var-
ying the arrangement and dynamics of pouring the concrete blocks, considering the cool-
ing and concrete curing processes during construction [33,34] and connecting with a mon-
itoring system in the construction and exploitation phase [35,36].

2. Thermal Stress Control and Prevention of Crack Formation

The condition for crack formation in concrete is that the maximum tensile stress sur-
passes the concrete tensile resistance:

01(1) > f,(2), (1)

where 0,(t) represents maximum tensile stress and f,(r) represents the tensile re-
sistance of concrete at a given moment and location in a structure.

The process of crack formation in a concrete gravity dam (CGD) can be avoided by
construction measures, such as building in separate monoliths and casting concrete blocks
in phases, while it is necessary to use slow-hardening cement in smaller quantities in the
process of preparing the concrete mixture, as well as lowering the temperature by using
ice, cold water or cooled aggregate, together with an adequate curing method after pour-
ing the concrete [37,38].

Construction of CGD in separate, mutually independent monoliths [39] implies form-
ing the contraction joints (Figure 1A) between the neighboring monoliths, which enables
the relaxation of thermal tensile stresses (TTS), thus preventing or mitigating the crack-
forming process. The water resistance of a dam is provided by connecting the monoliths
with waterstops made of an elastic water-resistant material (Figure 1A). With properly
arranged contraction joints, cracks that could be a consequence of differential settlement
induced by topographic and/or geomechanics conditions can be avoided. Experience has
shown that the distance between the two adjacent contraction joints, which is defined as
the monolith length, is usually between 6.0 and 16.0 m, and it is conditioned by the re-
quirement that cracks in concrete do not exceed the acceptable limits [40].

TRANSVERSE

CONTRAGTION
OIS BLOCKS BLOCKS
/
/ \, 2
BLOCKS
MONOLITH MONOLITH MONOLITH = BLOCKS_
CONSTRUGTION
L1 [N CONSTRUCTION
L] L~ JOINT
[ I
WATERSTOP [
BLOCK BLOCK [ ] %
BLOCK /
A) B) Q)

Figure 1. Waterstops, blocks, and joints of a concrete gravity dam: (A) waterstops between adjacent
monoliths; (B) combination of long blocks and staggered joints; (C) combination of long blocks and
vertical joints.

Unlike the contraction joints, the construction joints (Figure 1B,C) are temporary and
shall ensure proper adhesion between blocks to obtain a monolith unit. The construction
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joints, which can be vertical, horizontal, and staggered, serve the purpose of reducing the
initial stresses and the possibility of early cracking, which is a consequence of shrinkage,
by enabling a more rapid and even emission of heat to the outside environment which
surrounds the concrete. The construction joints must be previously prepared to secure a
proper connection between the old and the newly cast concrete block [40].

Phased pouring implies casting concrete blocks according to the schedule of con-
struction, which must be the result of a previously conducted thermal stress analysis
(TSA) with the aim of reducing TTS. There are several ways to distribute blocks inside a
monolith (Figure 1B,C): long blocks, staggered joints, vertical joints, and a combination of
long blocks and vertical and/or staggered joints. The length of a block (in the direction
toward the riverbank) is a dimension that is usually equal to the monolith length; the
width of a block (in the upstream—downstream direction) depends on the monolith width
and is typically up to 25 m, while the height of a block is usually from 0.5 to 3 m. The
concrete block remains free to cool down for at least three days [40].

Based on the aforementioned, a conclusion can be made that, in the design process
of CGD, special attention should be given to the definition of the structural elements, con-
struction dynamic plan, as well as the choice of the concrete mix, which implies excellent
knowledge of all the parameters and factors which influence the process of stress field
(SF) development, leading to formation and propagation of cracks. Contemporary meth-
ods of thermal stress analysis, which are based on the application of the finite element
method (FEM), offer the possibility of incorporating a large number of parameters and
factors of importance for the process of computational modeling of this phenomenon.

3. Theoretical Basis of Thermal Stress Processes
3.1. Fundamental Heat Transfer Equations

The temperature change of a homogeneous isotropic body as a function of time is
described by the well-known Fourier’s heat equation:
a*r | a*r

pc%=k(—+

FEVY
azt ot F)te @)

where p is the density of the material [kg/m?], c is the specific heat of concrete [J/(kg K)],
T is the temperature [°C], k is the thermal conductivity coefficient [W/(m K)] and Q is the
internal heat generation per unit volume [W/m?3].

In practical problem solving, the demanded solution is T(x,y,z,t) of Equation (2),
which satisfies the appropriate initial and boundary conditions.

Initial conditions imply that the distribution of temperature in a cross-section at the
initial time (7 =0) is known and described by the temperature field T(x,y,z,0), while bound-
ary conditions define the exchanged heat flux between the cast blocks and the environ-
ment:

aT

—k(5.) =ac+an 3

where Z_Z represents the temperature gradient at the blocks” surfaces [°C/m], q. is the
convective heat flux [W/m?] and g, is the radiative heat flux [W/m?2].

The heat exchanged between blocks and the environment through convection,
namely, between the blocks’ surfaces and the air, is described by Newton’s law of cooling:

qc = h (T —T,), 4)

where T represents the temperature of the block’s surface [°C], T, is the ambient temper-
ature [°C] and h, is the convective heat transfer coefficient [W/m2 K].

The heat exchanged between the blocks’ surfaces through radiation is described by
the linearized Stefan—-Boltzmann radiation law:

qr = hr(T - Ta)' (5)
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where h, is the linearized radiation heat transfer coefficient [W/m? K], defined by the
equation [18]:

h, = ea(T? + TA)(T + T,), (6)

where ¢ is the block’s surface emissivity and o is the Stefan-Boltzmann constant (5.669-10-8
W/m?2).

The boundary condition (3), having in mind expressions (4) and (5), can be described
in the following manner:

—k (g_i) —h(T—T,), @)

where h represents the combined (h, + h,) convective heat transfer coefficient [W/m?2 K].
Figure 2 shows the examined heat transfer processes in the concrete gravity dam
(CGD) represented in this paper.

Time varying
water level

Time varying
temperature

Convective heat
el gained or
lost to air

s
(W
AR

\' ‘, \J Conductive heat

A « « gained or lostto
FOUNDATION rock mass

Figure 2. Heat transfer processes represented in this paper.

3.2. The Release of Heat from Concrete

During the setting of concrete, heat that depends on the chemical and mineral com-
position of cement is released in the hydration process.

Experiments demonstrated that in the first 7 to 10 days of setting, up to 80.0% of the
total heat produced by the cement hydration is released and that this process decelerates
as the setting continues [40,41].

A curve that portrays the release of hydration heat is often approximated by the fol-
lowing relation [40]:

Q:(7) = Quax(1 —e™™7) 8)

where Q,(7) represents the release of hydration heat from concrete at time 7 in [J], Qmax
is the maximum quantity of hydration heat that can be released from the concrete of a
given mixture at the full cement hydration in [J], m is an empirical parameter that depends
on the type of cement [1/h] and t is time [h].

Temperature resulting from the heat released from the cement hydration process
leads to peaks in thermal tensile stresses (TTS) during the dam construction, whereby an
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increase in temperature can amount up to 50.0 °C [40] and it is described by the following
equation:
_qK

=2 9)
where T, represents the temperature resulting from the heat released from the cement
hydration process [°C], q; is the quantity of released heat [J/kg], K is the cement per unit
of volume ratio [kg/m?], c is the specific heat capacity of concrete [J/(kg K)] and p is the
density of concrete [kg/m?3].

3.3. Thermal Tensile Stress

TTS represents the normal stress which in CGD acts in the dam’s axis direction, and
if it exceeds the concrete tensile capacity, cracks in concrete will inevitably form. This
stress, at time t, can be obtained according to the following relation:

0,(x,y,2z,7) =E-a-AT (10)

where o, [MPa] represents the TTS in the CGD axis direction, E [MPa] is Young’s modu-
lus of elasticity of concrete, a [-] is the coefficient of thermal expansion of concrete, and
AT [°C] is the temperature change in the CGD body.

4. Thermal Stress Analysis and Optimization of Contraction Joint Distance
4.1. Description of the Calculation Model

The 3D model for thermal stress analysis (TSA) has the geometry of one non-over-
flowing monolith of the concrete gravity dam (CGD) Platanovryssi (Greece) [42], 95.0 m
high, and the surrounding rock mass of dimensions 154.0 x 50.0 m (Figure 3). By modeling
the rock mass, heat exchange with the dam’s monolith is enabled.

Figure 3. (Left): Characteristic cross-section; (right): 3D model of the monolith with 78 blocks and
the surrounding rock mass for thermal stress analysis.

The lowest level in the model is 101.0 masl (level of the bottom of the rock mass) and
the highest is 230.0 masl (level of the crest). The local coordinate system is oriented so that
the positive X direction coincides with the direction of the river flow, the Z-axis towards
the right riverbank, and the positive direction of the Y-axis points upwards (Figure 3).

The dam’s monolith, as opposed to the model presented in [21,22], is divided into 78
blocks (Figure 4), arranged by combining long blocks and vertical joints (Figure 1C). The
length of the blocks is equal to the length of the monolith (two separate analysis options
with monolith lengths of 20.0 and 15.0 m are considered), the average width of the blocks
is 20.0 m, while the height varies depending on the position of the block (blocks 1-63 are
3.0 m high; blocks 64-77 are 3.5 m high, while block 78 is 4.0 m high).
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Figure 4. Concrete blocks in the gravity dam (numbers coincide with the sequence of pouring).

The blocks are shown in Figure 4, with the number of each block representing the
sequence of pouring. Each block represents a new phase, which allows for a realistic sim-
ulation of the staged construction.

For analysis purposes, a 3D FEM model is generated using Lusas Academic software
[43]. The finite element mesh is created using 4068 hexahedron finite elements (HX8M)
with eight nodes.

4.2. Boundary Conditions and Actions

In the analysis of the temperature field (TF), the following boundary conditions are
taken into account: (I) at the interface between the blocks and the rock mass, (II) at the
interface between the old and newly poured blocks, (III) at the surfaces of blocks that are
in contact with air and water, as well as (IV) temperature levels of the surrounding rock
mass and the fresh concrete mix.

In every phase of the analysis, the ambient temperatures during construction and
service life are applied on the surface of the blocks that are in contact with air [44], ranging
from -2.0 to 33.0 °C (Table 1). The ambient temperatures were measured by the meteoro-
logical station that was built immediately upstream of the dam construction site. The
boundary condition concerning the air temperature on the blocks’ side surfaces is applied
taking into consideration the sequence of pouring of the blocks of the neighboring mono-
liths in space and time (Figure 5). In this case, proper cooling of a freshly cast block of the
monolith considered is enabled from all sides.

Table 1. Measured ambient temperatures T, [C].

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

X 8-23 102 115 127 139 155 180 205 190 154 124 107 9.0
X-XI23-8 4.2 54 6.7 7.9 9.1 9.5 100 94 7.5 54 4.2 3.0
XI 8-23 4.6 52 5.8 6.5 7.4 9.0 106 9.6 7.9 6.4 52 4.0
XI-XII 23-8 22 24 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 25 4.5 3.6 2.5 1.8 1.0 0.0
XII-123-8 6.2 6.4 6.6 6.8 7.1 7.5 79 73 7.0 6.8 6.4 6.0
18-23 -1.8 -16 -14 -12 -05 15 3.6 3.3 27 04 -12 =20
I-1I23-8 1.2 1.4 1.6 1.8 2.2 3.0 3.8 3.3 2.5 1.8 1.5 1.0
11 8-23 2.0 2.0 2.0 2.0 24 4.0 5.6 5.4 45 3.6 29 2.0
II-II1 23-8 0.2 0.4 0.6 0.8 1.4 3.4 5.6 54 4.5 3.3 1.6 0.0
II1 8-18 1.2 1.4 1.6 1.8 23 3.5 4.8 37 25 2.0 1.6 1.0

1T 18-31 1.0 1.0 1.0 1.0 1.2 2.5 3.7 40 4.0 3.5 2.2 1.0
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IV1-14 46 47 48 49 5.4 7.5 9.6 10.0 9.0 74 6.0 45
IV 15-28 46 42 37 33 3.9 85 131 140 135 117 83 5.0
IV-V 29-11 152 160 167 174 184 205 226 230 215 191 168 145
V 12-26 13.0 141 151 162 177 210 243 243 230 203 162 120
V-VI27-9 152 149 146 142 149 195 241 250 240 217 186 155
VI 10-24 170 170 170 170 179 225 271 280 265 237 203 17.0
VI-VII 25-7 21.2 209 206 202 21.0 260 31.0 313 295 269 242 215
VII 8-22 240 229 219 208 209 255 301 301 285 267 258 250
VII-VIII 23-5 20.7 195 200 217 238 280 322 330 320 295 257 220
VIII 6-19 203 187 19.0 207 227 260 293 307 295 270 245 220
VII-IX20-2 162 153 160 177 19.6 225 254 247 235 220 195 170
IX 3-9 152 143 147 16.0 175 200 225 230 220 202 181 16.0

Figure 5. The sequence of pouring the blocks of the odd (light grey) and even (dark grey) monoliths.

On all sides of the galleries which are in contact with air, the measured internal air
temperatures T, s during construction and service life are applied [44], ranging from
10.0 to 22.0 °C (Table 2).

Table 2. Measured mean monthly temperatures of air inside the galleries T, [°C].

Month I II 1m I1Iv Vv VI VIl VIII IX X XI XII
T (°C) 10 10 12 14 16 20 22 22 20 16 12 10

Filling of the reservoir to level 225.0 masl is applied in steps. On all blocks’ surfaces
in contact with water on the upstream side, the value of the reservoir water temperature
of 9.0 °C is applied [44]. Water temperature does not vary with depth as a result of the
assumption of water flow resulting from the operation of the power plant intake near the
upstream face of the dam. This assumption leads to the fact that the model of temperature
variation through depth [45], typical for deep reservoirs, is not applied in this analysis.
On the downstream side, the non-overflowing monolith is not in contact with the tailwa-
ter, and therefore the impact of the tailwater’s temperature on the structure is excluded.

The temperature of the surrounding rock mass is adopted as the constant mean mul-
tiannual value of 13.0 °C.

The temperature of the fresh concrete mixture ranges from 9.50 to 13.10 °C [44], de-
pending on the season in which the mixing and transport are taking place (Table 3).
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Table 3. Measured mean monthly fresh concrete mix temperatures T(x,y,z,7 = 0) [°C].

Month X XI XII I II II1 IV \ VI
T(°C) 10.0 9.7 9.5 9.5 9.7 9.7 12.3 13.1 12.9

In the analysis of the stress field (SF), the displacement boundary condition is applied
along the bottom, upstream, and downstream boundaries of the rock mass. In these areas,
the nodal displacements (1) are restrained in all directions (Figure 6).

Uy =u,=u,=0 (11)

This way, a more realistic simulation of the rock mass behavior is enabled, as well as
the self-weight-induced deformation when compared to the traditionally used fully
clamped models of concrete dams without surrounding rock mass.

The specified boundary conditions take into account all the relevant thermal pro-
cesses (including the impact of the reservoir water temperature on the structure) and self-
weight of the structure, but disregards other actions which would disturb the realistic TTS
field (hydrostatic pressure and the uplift forces).

Figure 6. The boundary condition for conducting stress analysis.

At the beginning of each phase of the analysis, an active part of the model is defined,
because the concrete blocks are being born successively one after another at the exactly
defined time intervals (“birth and death element”). Thereby, a history of deformations
from the preceding phases is taken into account. The dam’s self-weight and the weight of
the surrounding rock mass are taken as an initial action on the model, which serves as a
basis for defining the initial SF. Derivation of stresses and deformations resulting from the
self-weight is performed in the first step of each of the analysis phases. The temperature
field (TF) for the corresponding SF analysis step is taken from the previously conducted
thermal analysis, by using semi-coupled TSA (in which deformations are impacted by
temperature, but not vice versa). Hydrostatic pressure and uplift actions are not consid-
ered in the analysis, because including these actions in the analysis would conceal the
actual impact of the thermal factors on the SF in the dam’s body.

4.3. Material Parameters for Thermal Stress Analysis

For the analysis of the TF of the dam, the adopted thermal and cement hydration
parameters are shown in Tables 4 and 5. Thermal parameters of the rock mass are given
in Table 6.

Table 4. Concrete thermal parameters.

Parameter Meaning Value Unit
k Thermal conductivity coefficient 1.80 W/(m K)
c Specific heat capacity 950.0 J/(kg K)

a Coefficient of thermal expansion 11.5-10-¢ 1/°C
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L Combined Convec.:ti've heat transfer 20.10 W/(m? K)
coefficient
Tref Reference temperature 13.0 °C
Table 5. Concrete hydration analysis parameters.
Meaning Value Unit
Cement ratio (type I) in the concrete mass 50 kg/m3
M (for Portland cement) 12.5-10°3 1/h
Water-cement ratio 0.47 -
Fly ash ratio in the concrete mass 225.0 kg/m?
CaO ratio in the fly ash 17.0 %
Table 6. Rock mass thermal parameters.
Parameter Meaning Value Unit
k Thermal conductivity coefficient 2.40 W/(m K)
c Specific heat capacity 880.0 J/(kg K)
a Coefficient of thermal expansion 9.0-10- 1/°C

For calculating the SF of the dam, the adopted stress-deformation parameters of con-
crete are shown in Table 7, while for the rock mass these parameters are shown in Table

8.

Table 7. Concrete parameters used in SF analysis.

Parameter Meaning Value Unit
p Volume density 2360.0 kg/m3
E Elastic modulus 30.0 GPa
% Poisson’s ratio 0.20 -

Table 8. Rock mass parameters used in SF analysis.

Parameter Meaning Value Unit
p Volume density 2430.0 kg/m3
E Elastic modulus 20.0 GPa
% Poisson’s ratio 0.20 -

4.4. Phases of Analysis and Distinctive Dates

The analysis is conducted over a long-term period of 5 years, and it covers the con-
struction, reservoir filling and exploitation process of the structure. The construction pe-
riod contains the first 512 days with 78 analysis phases (for each block of the dam) and the
analysis step of 1.5 days. The period from the construction finish to the beginning of res-
ervoir filling lasts from day 512 to day 1080 with the analysis step of 2.25 days, while the
period of reservoir filling together with the exploitation period occupies the remaining
time (from day 1080 to day 1804) with the same analysis step of 2.25 days. Thereby, the
following distinctive dates and periods during the construction are considered:

e  Beginning of the construction—18 October. Of the first year (the year in which the

construction Commenced) ;

e The first (winter) break of 12 days in the period from 15-27 December in the first year;
e  The second (summer) break of 135 days in the period from 20 June-02 November in

the second year;

e  The third (winter) break of 12 days in the period from 15-27 December in the second

year;
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e  The reservoir filling in the period from 27 May—20 November in the fourth year.

Figure 7 shows a diagram of the reservoir filling [44] during the fourth year from the
commencement of construction. The filling lasted nearly 6 months and after this process,
the water level was typically about 225.0 masl for the following three years. Deviations
from this level are negligible, as the lowest level is 224.40 masl and the highest level is
226.30 masl. Having this in mind, a constant water level of 225.0 masl is adopted in the
analysis upon filling the reservoir.

230

{‘hu—ns--—\_/-’\h«. adat VS Y I e B S
220

210 rl
200

190

180

Elevation [m]

170
160

150 /
140

15 28/9 25/2 25/17 2212 2005 17/ 10 16/3 13/8 10/ 1 9/6
Date

Figure 7. Filling and water level in the reservoir in the exploitation phase.

The dynamics of building the dam by blocks are defined so that it follows the previ-
ously listed distinctive dates and periods with the corresponding redistribution of the
boundary conditions in the altered geometry of the model, which is conditioned by pour-
ing the concrete by blocks.

4.5. Optimization of Contraction Joint Distance

When mentioning thermal tensile stresses (TTS) in CGD, as a rule they are always
related to the normal stresses acting in the direction parallel to the dam’s axis. Regarding
the adopted coordinate system in the model, these are o, stresses which are designated
as SZ in the software. By convention, tension stresses are positive.

The length of the monolith is a distance in the direction of the longitudinal axis be-
tween two adjacent contraction joints. The length of the monolith is also equal to the
length of the block. Parameters of impact on the position and number of joints are SF in
the dam’s body resulting from the thermal processes, the topography of the terrain, the
adopted construction method, as well as the concrete pouring technology. Having in mind
that CGD is an exceptionally massive structure, the greatest number of joints is con-
structed to limit TTS [1].

The methodology for optimization of the monolith length presented in this paper is
based on successive reduction of its length, by monitoring for the exceedance of the con-
crete tensile resistance in the mid-plane of the monolith. The adopted monolith length is
the one in which the exceedance of the concrete tensile resistance in the mid-plane of the
monolith is either eliminated or limited for the most part, in the sense that there is no
danger of crack formation and development on the account of exceedance of the concrete
tensile capacity. This paper also presents the impact of reducing the monolith length by
5.0 m (from 20.0 m to 15.0 m) on the stress field in the structure as an example of verifica-
tion of the applied methodology.
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5. Results and Discussion
5.1. Validation of the Analysis Model concerning the Assigned Boundary Conditions

To assess the accuracy of the analysis model concerning the assigned boundary con-
ditions, distinctive control nodes are chosen on the upstream and downstream face, in the
middle of the monolith, and in the crest zone (Figure 8), in which the results of the concrete
temperature change over time are analyzed (Figures 9-12).

Figure 8. Distinctive control nodes of the model in the mid-plane of the monolith.
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Figure 9. Concrete temperature (°C) in node 2787 (upstream face).
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Figure 10. Concrete temperature (°C) in node 2853 (downstream face).
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Figure 11. Concrete temperature (°C) in node 3016 (middle of the monolith).
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Figure 12. Concrete temperature (°C) in node 3184 (zone of the dam’s crest).

Figure 9 shows the concrete temperature in node 2787, which is located in the mid-
plane of the monolith in the middle of the upstream face of block 25 (Figure 8), as a func-
tion of the duration of construction and exploitation. The node is exposed to the air with
temperature periodically varying annually from —2.0 to 33.0 °C, from the moment of cast-
ing of the block (121st day from the commencement of construction) up until the moment
when it came in contact with the water from the reservoir (1020th day from the commence-
ment of construction) with a constant temperature of 9.0 °C. In Figure 9, the annual
changes (long periods) and the daily changes (short oscillations) can be noticed. These
changes are a consequence of variations in the air temperature during annual and daily
oscillations.

As opposed to the concrete temperature in node 2787, the concrete temperature in
node 2853 (Figure 10), which is located in the mid-plane of the monolith in the middle of
the downstream face of block 34, is, from the moment of the casting of the block (162nd
day from the commencement of construction) up until the end of the analysis period con-
sidered (1804th day since the construction started), under the influence of air whose tem-
perature varies periodically annually from -2.0 to 33.0 °C. In this case, the annual and
daily temperature changes reflected through long and short oscillations shown in the fig-
ure can be noticed, as well. As the monolith is not in contact with the downstream side’s
tailwater, the impact of the water temperature in the nodes on the downstream face is
non-existent.

The concrete temperature in node 3016, which is located inside the mass of the con-
crete, in the mid-plane, and in the middle of the top face of block 61, is shown in Figure
11. After placing the block (418th day from the commencement of construction) the node
is exposed to December’s air temperatures (which ranged from 0 °C to 4.5 °C). After 4.5
days, block 63 is poured on top of block 61, and afterward the subsequent blocks. The
temperature in this node starts to rise as a consequence of the released hydration heat
from cement and reaches the extreme value of 35.0 °C after 70 days. After that, the process
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of cooling the concrete is evident, and it continued even through the last analysis step in
which the temperature value is 20.0 °C.

The concrete temperature in node 3184, which is located in the mid-plane of the mon-
olith, and in the middle of the top face of block 76, is shown in Figure 12. This node, at the
moment of pouring block 76 (500th day from the beginning of construction), is exposed to
March’s air temperature (ranging from 0 °C to 5.6 °C) for 4.5 days. At the moment when
the final blocks 77 and 78 are cast above block 76, the temperature in this node starts to
rise as a result of the heat released from the cement hydration process. In the following 30
days, it reaches the extreme value of 32.0 °C. Upon reaching the extreme temperature
value, the concrete starts to cool, but with a significant impact of seasonal air temperature
changes resulting from the proximity of the selected node to the dam’s crest. The cooling
does not come to a halt even at the last analysis step, in which the concrete temperature
in the node has a value of 15.0 °C. It can be said that the concrete temperature in this node,
due to its position, approaches the mean annual ambient temperature. The faster cooling
rate of concrete in node 3184, compared to node 3016, can be explained by the impact of
the air temperature to which node 3184 is exposed during the construction and service
life. Node 3016 is located deeper inside the mass, and the amplitude of ambient air tem-
perature penetration declines with proximity to the central part of the monolith.

Based on the presented results in the control nodes, it can be concluded that the de-
veloped analysis model provides a correct representation of the real dam, from the stand-
point of the applied boundary conditions.

5.2. Results of Temperature Field Analysis

Representation of the temperature field (TF) in the rock mass (Figure 13) shows that
it is constant and equal to the applied mean multiannual temperature of 13.0 °C, except in
the part directly underneath the foundation line. Therefore, and since the rock mass is not
a subject of the analyses of this research, in the results which follow, this part of the model
will be omitted from the presentation for the sake of clarity.

Entity: Potential
Component: PHI (Units: C)

Figure 13. Presentation of the temperature field in the rock mass.

Results of TF and stress field (SF) in the dam’s body are shown in the chosen distinc-
tive time sections, which the authors regarded as the best suited to represent the obtained
results.

The selected distinctive time sections are:

e The 84th day from the beginning of construction (10 January of the second year, 15
days from completing block 16, and at the moment of finishing the first break in the
construction);

e  The 283rd day from the beginning of construction (27 July of the second year, 40 days
from completing block 52, and during the long (summer) break in the construction);
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e  The 512th day from the beginning of construction (13 March of the third year, after
casting the last block 78);

e  The 1080th day from the beginning of construction (02 October of the fourth year,
during the filling of the reservoir);

e The 1804th day from the beginning of construction (25 September of the sixth year,
during the service life of the structure).

An increase in temperature resulting from the cement hydration process is pro-
nounced in the internal parts of the structure during construction (Figures 14 and 15), as
well as upon the end of the construction process (Figure 16). In the aforementioned Fig-

ures, these parts are recognized as brightly colored with concrete temperatures in the in-
terval between 37.7-41.4 °C.

Entity: Potential
Component: PHI {Units: C)
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Figure 14. Temperature field for day 84 (10th of January of the second year) with horizontal cross-
section at 146.50 masl; maximum: node 2585, minimum: node 1535.

Entity: Potential
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Figure 15. Temperature field for day 283 (27th of July of the second year) with horizontal cross-
section at 169.0 masl; maximum: node 2872, minimum: node 1334.
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Entity: Potential
Component: PHI (Units: C)

Figure 16. Temperature field for day 512 (13th of March of the third year) with horizontal cross-
section at 227.0 masl; maximum: node 2126, minimum: node 1646.

Immediately after the construction completion, the process of gradual cooling com-
mences. In Figures 17 and 18 this process is noticed as a reduction of the circumference of
the orange-yellow zone, which is located in the central part of the monolith’s cross-sec-
tion. Figure 18 also shows that the process of cooling does not finish even on the last anal-
ysis day, that is, 3.5 years after casting the last block. In Figures 17 and 18 it can be seen
that the reservoir water temperature during the filling and exploitation of the dam has an
impact on the cooling process (blue-colored zones on the upstream side which are in the
zones of contact with the reservoir). Moreover, Figure 16 shows that the cooling process
is influenced by the galleries in the dam’s body, around which, in a given distinctive time
section, zones of cold air impact are formed.

Entity: Potential
Component: PHI (Units: C)
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Figure 17. Temperature field for day 1080 (2nd of October of the fourth year) with horizontal cross-
section at 172.0 masl; maximum: node 2899, minimum: node 720.
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Entity: Potential
Component: PHI (Units: C)
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Figure 18. Temperature field for day 1804 (25th of September of the sixth year) with horizontal cross-
section at 170.50 masl; maximum: node 2899, minimum: node 4143.

The impact of winter air temperatures on the surface zones of the monoliths is evi-
dent in the diagrams showing TF for day 84 (Figure 14) and day 512 (Figure 16). The im-
pact of these temperatures is characterized by sudden cooling of the structure in the sur-
face zone which leads to concrete shrinkage and the occurrence of extreme thermal tensile
stresses (TTS).

Figure 15, which shows TF for day 283 (in the moment of the summer break in con-
creting which lasts for 135 days—from 20 June to 02 November of the second year), pre-
sents the impact of summer temperatures on the surfaces in contact with air, which, to-
gether with the heat released from the cement hydration process, leads to the increase in
the maximum temperature in the monolith’s cross-section up to 41.0 °C. The effect of high
ambient temperatures during the summer break is reflected on the display of TF on day
512, at the moment of the monolith’s construction completion (Figure 16), which shows
noticeably elevated concrete temperatures in the middle of the cross-section (above 41.0
°C). High air temperatures in the second time interval cause an increase in the concrete
temperatures which leads to an increase in the temperature gradient during the cold days.
This process leads to concrete shrinkage resulting from cooling and the emergence of TTS
which, when exceeded, results in the formation and development of cracks in concrete. It
should be pointed out that the summer breaks in pouring concrete, as well as the appro-
priate concrete curing during the break (usage of covers, moisturizing the concrete), are
of exceptional importance for preventing the excessive heating of the structure. The con-
crete curing process during the summer break is not in the scope of this paper.

5.3. Results of Stress Field Analysis

Results of SF analysis are shown in the chosen distinctive time sections in the figures
that follow. Each of the figures shows the SF for two monolith lengths under consideration
(20.0 m and 15.0 m). The results are shown in the mid-plane of the monolith, as the o,
(SZ) stresses in this plane are the greatest.

It can be noticed from the obtained results that all blocks of the dam undergo similar
stress fields during construction. Instantly upon concreting one of the blocks, heating and
expansion occur, as a result of the released hydration heat, which, arising from limited
deformation caused by the interaction with neighboring blocks, causes compressive
stresses in the block and its narrow zone (freshly cast blocks in the upper parts of the
monolith in Figures 19-21). The heating of one block can be additionally facilitated by the
extreme air temperatures over a longer period (as described in Figure 15). Subsequently,
the concrete cooling process can be abrupt (resulting from a sudden change in the seasonal
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temperature) or gradual (as a result of the natural process by which the concrete temper-
ature tends to be in equilibrium with the average annual air temperature), shrinkage oc-
curs and, as a consequence of limited deformation due to restraints provided by the ad-

joining blocks, the compressive stresses transform into tensile stresses.

Entity: Stress - Solids
Component: SZ (Units: kN/m?)
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Figure 19. Stresses o, in the mid-plane of the monolith 20 m long (left) and 15 m long (right) for
the 84th day (10th of January of the second year); extremums: nodes 2505 and 21,575.
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Figure 20. Stresses o, in the mid-plane of the monolith 20 m long (left) and 15 m long (right) for
the 283rd day (27th of July of the second year); extremums: nodes 16,058 and 15,946.

Entity: Stress - Solids
Component: SZ (Units: kN/m?)
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Figure 21. Stresses o, in the mid-plane of the monolith 20 m long (left) and 15 m long (right) for
the 512th day (13th of March of the third year); extremums: nodes 302,084 and 28,182.
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Observing the results of TF for the 84th and 512th day (Figures 14 and 16), which are
under the influence of winter air temperatures, it can be concluded that the maximum TTS
(Figures 19 and 21) is a consequence of a sudden cooling of the concrete in the surface
region. Precisely, the process of sudden cooling is responsible for the occurrence of the
maximum TTS in the entire analysis period (day 512, crest zone—Figure 21).

Extreme values of TTS also appear in the blocks between the vertical joints which
progressed faster compared to concreting of the remaining parts of the structure (Figures
8 and 20-23, orange-yellow zones), which caused the heat released in the cement hydra-
tion process to become trapped inside the concrete as a result of the faster progress. TTS
emerges when the heat is emitted, and the blocks start to cool.

Entity: Stress - Solids
Component: SZ (Units: kN/m?)
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Figure 22. Stresses o, in the mid-plane of the monolith 20 m long (left) and 15 m long (right) for
the 1080th day (2nd of October of the fourth year); extremums: nodes 301,351 and 27,434.

Entity: Stress - Solids
Component: SZ (Units: kN/m?)
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Figure 23. Stresses o, in the mid-plane of the monolith 20 m long (left) and 15 m long (right) for
the 1804th day (25th of September of the sixth year); extremums: nodes 301,351 and 27,434.

Figures 24 and 25 show the extreme values of ¢, for different monolith lengths as a
function of the time period after the completion of construction, and the difference in these
values during the same period, respectively. The oscillations of the ¢, stresses coincide
with the annual ambient temperature changes, represented as T, in these Figures. Figure
26 shows the extreme o, value as a function of the ambient temperatures T,.
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Figure 24. Extreme values of g, [MPa] as a function of the time period after the completion of con-
struction (blue—monolith length 20.0 m; orange—monolith length 15.0 m; yellow —ambient tem-
perature T, [°C]).
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Figure 25. The difference between extreme values of o, [MPa] between two monolith lengths as a
function of the time period after the completion of construction (grey) and ambient temperature
T, [°C] (yellow).
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Figure 26. Extreme values of g, [MPa] as a function of ambient temperatures T, [°C] (blue—mon-

olith length 20.0 m; orange —monolith length 15.0 m).

Figures 27-31 show all the zones (marked red) in which the concrete tensile resistance
is exceeded in the characteristic time sections for both of the monolith lengths. Figures 28—
31 confirm more clearly that the impact of the construction dynamics (faster progress of
blocks between the vertical joints) contributed to the exceedance of the concrete tensile
resistance in the aforementioned zones, while Figures 27 and 29 clearly show the impact
which a sudden cooling of the concrete in the surface regions exerts on the exceedance of

the concrete tensile resistance.

Entity: Stress - Solids.
Component: SZ (Units: kNim®)

.27x10n
{

Figure 27. Zones in which the concrete tensile resistance is exceeded (red) in the mid-plane of the
monolith 20 m long (left) and 15 m (right) for the 84th day from the beginning of construction (10th

of January of the second year).
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Figure 28. Zones in which the concrete tensile resistance is exceeded (red) in the mid-plane of the
monolith 20 m long (left) and 15 m long (right) for the 283rd day from the beginning of construction

(27th of July of the second year).
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Figure 29. Zones in which the concrete tensile resistance is exceeded (red) in the mid-plane of the
monolith 20 m long (left) and 15 m long (right) for the 512th day from the beginning of construction

(13th of March of the third year).
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Figure 30. Zones in which the concrete tensile resistance is exceeded (red) in the mid-plane of the
monolith 20 m long (left) and 15 m long (right) for the 1080th day from the beginning of construction

(2nd of October of the fourth year).



Appl. Sci. 2022, 12, 8163

23 of 25

Entity: Stress - Solids
Companent: SZ (Units: kN/m?)

Figure 31. Zones in which the concrete tensile resistance is exceeded (red) in the mid-plane of the
monolith 20 m long (left) and 15 m long (right) for the 1804th day from the beginning of construction
(25th of September of the sixth year).

The reservoir filling contributes to the cooling process of the entire cross-section of
the dam (as described in Figures 17 and 18); however, locally, in the zone of the interface
of the upstream face of the structure with water of a constant temperature of 9.0 °C, the
concrete tensile resistance is not exceeded.

Based on the obtained results shown in the distinctive time sections in Figures 19-26,
it can be concluded that by reducing the monolith length by 5.0 m (from 20.0 m to 15.0 m),
the extreme value of TTS drops by 0.93 MPa (up to 16.0%) on average (0.70 MPa (up to
12.0%) in winter and 1.10 MPa (up to 20.0%) in summer). This decrease in TTS occurs as a
result of the smaller release of heat during the hydration of cement in the 15.0 m long
monolith compared to the 20.0 m long monolith. The reduction in monolith length con-
tributes to a decrease in the number of zones in which the concrete tension resistance is
exceeded (Figures 27-31, red-colored zones).

6. Conclusions

The main contribution of the conducted research is the presentation of the method-
ology for optimizing the monolith length by monitoring thermal tensile stresses (TTS)
with the aim to prevent crack formation inside monoliths of concrete gravity dams which
are built using the block method. The presented methodology is demonstrated through
the extensive numerical analysis of the 95.0 m high concrete gravity dam Platanovryssi
(Greece).

The obtained results of temperature fields (TF) indicate that the maximum impact on
the increase in temperature in the dam’s body originates from the hydration process in
combination with the summer ambient temperatures during construction, which causes
the temperature inside the structure to rise to up to 45.0 °C. The aforementioned demon-
strates the significance of the control of the initial temperature of the fresh concrete mix,
and concreting breaks in elevated temperature conditions. During winter temperatures,
cooling of the structure occurs, especially in the surface zones. The process of cooling the
entire cross-section of the structure is long and greatly influenced by the reservoir water
temperature.

Upon concreting one block, the compressive stresses form in its narrow zone. This
can be explained by the heating and expansion of the block resulting from the heat re-
leased from the hydration process with limited deformation caused by the coupling action
between the adjacent blocks. In the cooling process of one of the blocks, the block starts
shrinking, and, due to limited deformations, the compressive stresses transform into ten-
sile stresses. The presented results of the stress field (SF) show that the extreme TTS value
occurs as a consequence of a sudden cooling of concrete resulting from low temperatures
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in the surface zone immediately upon completion of the construction process. The extreme
values of TTS also appear as a consequence of the cooling of the blocks in between the
vertical joints inside the structure, which progressed faster than the rest of the structure
in terms of concrete. Thereby, because of the faster rate of progress, the heat released in
the cement hydration process is trapped inside the concrete. Because of the heat release
and cooling of these blocks, TTS occurs. The results of SF show that by reducing the mon-
olith length by 5.0 m (from 20.0 m to 15.0 m) the extreme value of TTS is reduced by 0.93
MPa on average (up to 16.0%), with an apparent reduction of the number of zones in
which the concrete tensile resistance is exceeded. Decrease in the extreme TTS is 0.70 MPa
(up to 12.0%) in winter and 1.10 MPa (up to 20.0%) in summer.

This research paper does not cover possible variations in the layout of blocks and/or
dynamics of concreting, variation of a reference temperature, creep of concrete, usage of
cooling systems such as cooling pipes, and curing of concrete during construction which
can be the subject of further research for the advancement of the methodology presented
herein.
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