

  buildings-13-00914




buildings-13-00914







Buildings 2023, 13(4), 914; doi:10.3390/buildings13040914




Article



Optimization of the Temperature and Thermo-Stressed State of a Concrete Dam Constructed from Particularly Lean Roller-Compacted Concrete



Nikolai Alekseevich Aniskin 1[image: Orcid] and Alexey Mikhailovich Shaytanov 2,*





1



Institute of Hydraulic Engineering and Power Plant Construction, National Research University Moscow State University of Civil Engineering, 129337 Moscow, Russia






2



Joint Stock Company, Design and Survey Institute “Lengiprorechtrans”, 198095 St. Petersburg, Russia









*



Correspondence: shaytanov.alexey@mail.ru







Academic Editors: Anatoly Alekseytsev and Alla Sokolova



Received: 1 March 2023 / Revised: 16 March 2023 / Accepted: 22 March 2023 / Published: 30 March 2023



Abstract

:

In this paper, we consider the optimization of temperature conditions and the thermo-stressed state of a concrete gravity dam made of extra lean roller-compacted concrete constructed in climate conditions corresponding to the Pskem HPP in the Republic of Uzbekistan. We show the need to take into account the effect of solar radiation on the heating of the concrete mass during the layer-by-layer construction of a gravity dam. A methodology was used to estimate solar radiation, considering cloud cover and the use of field and satellite observations. The seasonality of the concrete work and the terrain surrounding the construction site were also examined. We assessed the degree of influence of the factors acting on the formation of the temperature regime and the thermo-stressed state using the factor experiment technique. Regression equations, which allowed us to estimate the values of temperature and thermal stress arising in the structure during the construction period, were obtained. The created numerical model has been used for the estimation and optimization of the thermo-stressed state of the Pskem HPP dam option made of low-cement roller-compacted concrete. On the basis of calculations of the stress–strain state in elastic and elastic-plastic formulations, the possible cracking of concrete was evaluated. The competitiveness of the considered concrete option of the dam with the ground one is shown.
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1. Introduction


Low-cement concrete dams have become widespread all over the world due to the high economic efficiency of this technology as well as the reliability and safety of the structures, including in regions with extreme climate and geotechnical conditions.



Low-cement concrete became widely used in the late 1940s in Great Britain for the construction of sub-base layers 150–250 mm thick in road buildings and in the construction of airfield runways. The cement content had already been reduced to 110–120 kg/m3, and the main drawback was considered to be the high risk of transverse cracking. This factor had a key influence on the selection of a low-cement mix, which was laid without expansion joints and compacted by rollers [1,2,3,4,5,6,7,8,9,10,11,12]. The idea of using low-cement concrete in gravity dam construction was proposed in 1960 as part of the discussion of the International Committee on Large Dams. In 1961 the first application of the technology took place on the cofferdam of the Shihmen dam on the island of Taiwan, where a central core was made of low-cement concrete. In 1970, a full-size test section was erected at Tims Ford Dam in the USA, and as early as 1983, the Willow Creek Dam was built in 5.5 months (52 m high, dam body concrete volume—333,000 m3).



During the construction of the Olivenhain Dam in the USA (97 m high, 1,140,000 m3 of concrete body), the maximum concrete work intensity was 12,250 m3/day, and the construction period was 12 months (Figure 1). The high intensity of the concrete works due to layer-by-layer mixture placing, the absence of formwork and dismantling, the reduction in labor costs to 0.15 man-days/m3 (Upper Stillwater Dam), and the associated reduction in overhead costs enabled more than 828 dams of this type to be realized, including gravity, arch, and buttressed dams as of 2019. Statistics on the cost per cubic meter of low-cement concrete poured as a function of construction volume in the USA are shown in Figure 2.



In Japan in 1974, a specially established research committee presented the results of its work on concrete dam design. Part of this work focused on rolled hydraulic concrete. Field tests conducted on the Ohawa dam (dam body volume—10,000 m3) in 1976 confirmed the possibility of the application of roller-compacted concrete in the construction of dams, the first of which, including the Shimazhiva dam (dam body volume—317,000 m3), was constructed in 1980. One of the largest low-cement concrete dams in the world is located in Japan. This is the Tamagawa dam (1987), which is 100 m high, and the volume of in situ roller-compacted concrete is 1,150,000 m3 [3,13].



The history of the development of roller-compacted concrete dams in the USSR started from the development and application of the technology of laying long blocks in the early 1970s during the construction of Toktogul HPP, then the dam of Tashkumyr HPP (Figure 3) on the Naryn river in Kyrgyzstan with 75 m height and 320 m length on the ridge (the volume of laid low-cement concrete—100 thousand m3). This was followed by Bukhtarminskaya HPP on the Irtysh river in Kazakhstan with 90 m height and 450 m length (the volume of laid low-cement concrete—587 thousand m3), Bureyskaya HPP on the Bureya river with 139 m height and 810 m length on ridge (volume of laid low-cement concrete—587 thousand m3), and also separate constructions or experimental plots at Kurpskay, Kureysky, Sayano-Shushensky HPPs. The Kapanda hydroelectric dam in Angola and the Son La hydroelectric dam in Vietnam was built in accordance with the designs developed by the Hydroproject Institute (Moscow, Russia).



In the late 1980s, the active development of technology began in China. A total of 45 dams were completed there as of 2019. China also has the highest low-cement concrete dam in the world, the Longtan, 217 m high (4.95 million m3 of in situ concrete), and the 121 m high dam (1.1 million m3 of low-cement concrete placed).



However, despite all of the above advantages, the structures in question may experience a number of problems related to filtration resulting from temperature cracking, which has been documented in a significant number of structures built. The problem of temperature cracking has not been completely solved, and there is also an underestimation of the contribution of certain influencing factors to the thermo-stressed state of structures, which demonstrates the relevance of the issue under consideration.



The present work focuses on the thermo-stressed state of low-cement concrete gravity dams during the construction and operational period under the influence of internal factors (cement consumption, cement heat release rate, the initial temperature of concrete mixture, layer thickness, erection speed, etc.) and environmental factors (season of work commencement, exposure of concrete mass surface to solar radiation or its temperature and radiation regime, reservoir temperature change by depth at different stages of its filling due to the schedule of building up the structure). Based on the results of this research, a numerical model of the thermo-stressed state of low-cement concrete gravity dams located in the climate conditions of the mountainous regions of the Republic of Uzbekistan and similar have been proposed. As a practical application of the proposed model, a prediction of the temperature regime and thermo-stressed state of the designed dam of the Pskem HPP in the Republic of Uzbekistan is presented.



Previous research on the topic. The problem of the temperature regime and thermo-stressed state of concrete gravity dams has been studied by a number of scientists both in the Russian Federation and abroad. The most famous works in this field are the ones by Aniskin N.A., J.M. Raphael, E.K. Schrader, M.R.H. Dunstan, G. Gentile, T. Hirose, J.P. Giroud, S.M. Ginzburg, Dzyuba K.I., Zaporozhets I.D., T.Y. Krat, Sh.N. Plyat, Orekhov V.G., Z. Bofang, V. Kuzmanovic, T. Fujisawa, Wang L., and others. However, even today, the problem has not been completely solved.



The objects of the research are the developed projects of low-cement concrete gravity dams of the Chirchik-Bozsu cascade HPPs in the Republic of Uzbekistan (Pskem HPP, Nizhnechatkal HPP, Mulallak HPP, etc.).



The subject of this research concerns predictive mathematical models and dependencies that allow the determination and forecasting of the temperature regime and thermo-stressed state of low-cement concrete dams.




2. Materials and Techniques


Calculations to determine the temperature conditions and thermo-stressed state of structures, considering the full range of internal and external factors, were carried out numerically using the ANSYS software version 19.2 package, through which some test problems were solved, and a numerical simulation of the field experiment was performed, followed by an assessment of the convergence of the results.



2.1. Methodology for Determining the Temperature Regime


The basic heat conduction Equation (1) and the basic heat release equation for an isothermal process (2) served as the basis for solving the problem by numerical methods:


  k ·  ∇ 2  · T + Q = ρ · c ·   ∂ T   ∂ τ   ,  



(1)




where:   k —  thermal conductivity coefficient of low-cement concrete,   c —  its specific heat capacity,   ρ —  density,   T — t  emperature,   Q —  heat release during hydration of cement,   τ —  time.


  Q = h ·  B   A 0    ·   1 −     1 +   m − 1   ·  B   A 0    m − 1   · k · τ     −     m − 1     − 1        



(2)




where:   h —  specific heat release of water in its reaction with the selected type of cement,    B   A 0    —  amount of active water at the initial time,   m —  order of reaction,   k —  reaction rate constant,   τ —  time.



The main external factor influencing the temperature regime of a concrete dam is the ambient air and water temperature. For the climate conditions under consideration (Republic of Uzbekistan), special attention should be paid to the impact of solar radiation on the temperature regime of the building due to a certain underestimation of this factor. Radiation has the most significant effect on the temperature behavior of concrete structures when they are erected in layers from 0.5 m to 1.5 m thick, as in this case, the heat generated by the heat evolution of the cement was added to the heat coming into the mass from the surface. Experience has proven that solar radiation can cause the temperature of a concrete mass to rise by up to 20 °C or more.



In the Russian literature [14,15,16,17], there are a number of references on the need to consider solar radiation when calculating the temperature-radiation regime of concrete surfaces; however, these sources mainly consider the surfaces of old concrete, while radiation has a significant impact on the temperature regime of fresh concrete (especially for low-height blocks). As a rule, recommendations considering solar radiation increases the temperature on the surfaces of the building and the amplitude of the temperature fluctuations of the external environment. Such methods, for example, have been considered by Chinese researchers [18,19,20,21].



Such techniques are based on field observations and do not answer the question of whether and how to account for the scattered part of solar radiation. They also contemplate the influence of some features by introducing generalization factors into the calculation, which does not allow the individual characteristics of the projects to be considered.



The existing methods for assessing the impact of solar radiation are outlined in the works of V. Ya. Kondratyev, Z.I. Pivovarova, S.M. Ginzburg, S.I. Sivkov et al. [22,23,24,25]. As part of ongoing work, existing techniques for considering solar radiation on the temperature regime of a structure have been improved, considering field and satellite observations, as well as the seasonality and the topography of the construction site.



The impact of solar radiation was assessed using the known dependencies (3) and (4):


  G =   ∫    t n ′     t n ″     J τ  · s i n  h 0 τ  · d τ +   ∫    t p ′     t p ″     D τ  · d τ ,  



(3)




where   G —  total daily solar radiation,    t n ′  —  sunrise time,    t n ″  —  sunset time,    t p ′  —  initial moment of solar radiation exposure time,    t p ″  —  final moment of solar radiation exposure time,    J τ  —  intensity of direct radiation at time  τ ,    D τ  —  intensity of scattered radiation at time  τ .



The total solar radiation including cloud cover was determined as follows:


   G  o б л .   =   J · s i n  h 0  + D   ·   1 − 0.01 · f ·   a + 0.01 · f · b     ,  



(4)




where:  f —cloudiness, %,  a —coefficient, taken depending on the latitude of the object location,  b —constant (for the considered climatic zone   b = 0.38   measured empirically).



In this paper, the accuracy of solar radiation was improved by using actinometric observations, hourly accounting for direct and diffused solar radiation intensities and hourly changes in the heating of the concrete surface, considering the characteristics of the location of the HPP and the topography of the directly selected pier for construction. The orientation of the dam in relation to the sides of the world, elevation, cloud cover, and geographical coordinates of the site was also considered. For higher accuracy, the scattered component of the solar radiation was contemplated in terms of its anisotropy (heterogeneity of the scattered radiation from the sky).



When solving the temperature problem through the numerical finite-element method using the ANSYS software package, an approximation model of the computational domain, including the unchangeable base mass under the structure and the gravity dam mass erected in layers, was created. In the elements included in the area of the layer-by-layer erected concrete massif, at each time step, the exothermic heat value was determined and calculated according to dependence (2).



In the nodes at the lower boundary of the foundation, boundary conditions of the first kind were used: temperature values were assumed to be constant in time and equal to the mean summer temperature for this climatic zone. The boundary conditions of the third kind were used in the nodes at the contact of the base and building with the air (including the time-varying boundary of the concrete mass to be erected): the law of heat exchange with the air environment, taking into account solar radiation, was set. Heat transfer coefficients for each time step were determined in accordance with the value of the additive and taking into account solar radiation for this moment in time.



The boundary condition of the first kind was used when taking into account the temperature impact of the reservoir and downstream water in the nodes along the “concrete-water” boundary, specifying in the nodes the value of water temperature corresponding in time to the law of water change in depth.




2.2. Methodology for Determining the Thermo-Stressed State


The impact of influencing factors in the low-cement concrete mass produces tensile stresses and plastic deformations, which may accumulate over time.



Under the elasticity theory, stresses and strains before a material enter the plastic stage are related according to the dependence (5):


     σ  i j   =  D  i j k l   ·  ε  k l   ,    



(5)




where:    σ  i j   —  components of the stress tensor,    ε  k l   —  components of the strain tensor,    D  i j k l   —  components of the elasticity tensor.



In the plastic domain, the relationship between strain and stress is governed by the law of plastic fluidity, based on the assumption that under any loading, the strain consists of an elastic and a plastic part (6):


  d  ε  i j  e  + d  ε  i j  p  = d  ε  i j   ,  



(6)




where:   d  ε  i j  e  —  the elastic component of deformation,   d  ε  i j  p  —  the plastic component of deformation. The modulus of elasticity in compression depending on the maturity of the concrete can be determined according to the dependence elaborated by N.Kh. Arutyunyan (7):


    E  t  =  E 0  ·   1 − ξ ·  e  − β t     ,  



(7)




where:    E 0   —the maximum value of the modulus of elasticity for the strength-gained concrete, MPa,   β , ξ  —experimentally determined parameters.



As in the temperature problem, the process of constructing a concrete gravity dam in layers was modeled. As each successive layer was laid, the geometry of the structural changes and the elements of the approximation grid were recalculated for the modulus of elasticity and the compressive and tensile strength of the material. At the nodes along the boundary of the computational domain, the corresponding displacement boundary conditions were set. A vertical displacement constraint was set for the lower boundary of the base, and a horizontal displacement constraint was set for the vertical boundaries of the base area.



In order to verify the numerical calculation models, a field experiment was carried out, and a number of test calculations were performed. The results of computational studies using mathematical modeling in the ANSYS software package showed high reliability. Deviations in the maximum temperatures at the reference points did not exceed 1%.





3. The Setting and Results of the Research


The aim of this research was to find an optimum design for a low-cement concrete gravity dam that would satisfy the reliability and safety of the structure and maximize the cost-effectiveness of the project. The issues of the predictive modeling of the temperature regime and thermal stress state of concrete gravity dams were considered in several works carried out in the Moscow State University of Civil Engineering, JSC “VNIIG named after B.E. Vedeneev”, in the branch of JSC “Institute Hydroproject”—“NIIES” and other organizations [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,19,20,21,22,23,24]. Within the framework of this paper, numerical investigations by means of a finite element method with the application of ANSYS software took into account the topographical, engineering-geological, and climate conditions of the Pskem HPP construction region in the Republic of Uzbekistan [25,26,27,28,29], which were carried out. The result is a mathematical model of the structure that predicts the thermo-stressed state of the structure and maximizes design efficiency.



The results of variation calculations were performed to determine the degree of influence that acting factors had on the temperature and stress–strain state of the structure in the climate conditions of mountainous areas of the Republic of Uzbekistan, as presented below.



3.1. Consideration of Solar Radiation Effects


The main structures of the Pskem HPP are located in the mountain massif of the Western Tien Shan at elevations of (1100–1200) m. The construction area was characterized by sufficiently high solar activity, with an average of 250 sunny days per year. The average annual air temperature in the area was 9.5 °C. The absolute minimum recorded in January was minus 26.9 °C. The average temperature of the hottest month, July, was 22.0 °C. July also had an absolute maximum temperature of −41.7 °C. The coldest month was January, at minus 3.2 °C (Table 1). The data are given for the observation period from 1938 to 2016.



The solar radiation characteristics were calculated considering the characteristics of the HPP area and the topography of the surrounding area selected for construction (Figure 4 and Figure 5). As a result of the calculations, the average monthly temperatures of the concrete surface of the dam were obtained, considering solar radiation (Figure 6b). For comparison, Figure 6 shows a graph of the change in surface temperatures without solar radiation. A rather large increase in surface heating can be observed. For the warmest period of the year (July-August), exposure to solar radiation increased the surface heating of the concrete to 41.0 °C, which was 17 °C higher than the temperature without solar radiation.




3.2. Analysis of the Impact of Existing Factors Using the Methodology of a Factor Experiment


To assess the degree of influence of the main acting factors on the temperature regime and the thermo-stressed state of the structure in question, the method for factor analysis was used. The research was conducted for a full-factor experiment of type 2n, where the number of factors considered was n = 4. The total number of experiments needed for such a plan is N = 24 = 16. The response function as a regression equation for this experiment is as follows [30] (8):


   η =  β 0  ·  X 0  +  β 1  ·  X 1  +  β 2  ·  X 2  +  β 3  ·  X 3  +  β 4  ·  X 4  +  β  12   ·  X 1  ·  X 2  +  β  13   ·  X 1  ·  X 3  + ⋯    +  β  123   ·  X 1  ·  X 2  ·  X 3  +  β  124   ·  X 1  ·  X 2  ·  X 4  + ⋯ +  β  234   ·  X 2  ·  X 3  ·  X 4  +  β  1234   ·  X 1  ·  X 2  ·  X 3  ·  X 4    



(8)







The following factors and their ranges of variation were chosen for the calculation studies:




	
   X 1   —consumption of cement in the mixture (varies from 70 kg/m3 to 150 kg/m3).



	
   X 2   —thickness of the low-cement concrete layer to be placed (0.5 m to 1.5 m).



	
   X 3   —heat release of cement (from 339 kJ/kg (moderate) to 387.7 kJ/kg (elevated).



	
   X 4   —laying temperature of low-cement concrete (+10 °C to +30 °C).








The calculations according to the planning matrices made (the full-factor experiment 24 was considered) for the selected factors were performed for the following options:




	(1)

	
Depending on the month when the construction work started: May or October with the corresponding ambient temperatures (according to the schedule, Figure 6).




	(2)

	
Depending on the account of solar radiation, the variable temperature of the concrete surface was assumed to be the same (Figure 6b, including solar radiation, ranging from 3.52 °C to 41.18 °C) or the ambient temperature (Figure 6a without solar radiation, ranging from −4 °C to +24 °C).




	(3)

	
The responses chosen were: the absolute maximum temperature in the concrete mass (°C), maximum temperatures at characteristic points 2, 8, 14, 20, 26 in the center of the mass (°C), the maximum temperature gradient between the point in the center of the mass and the point on the pressure face (°C/m), the maximum value of the main tensile stress at characteristic points 2, 8, 14, 20, 26 in the center of the massif (MPa), the maximum value of equivalent plastic deformations at characteristic points 2, 8, 14, 20, 26 in the center of the massif (%). A diagram of the point locations is shown in Figure 7. All temperature calculations for all variants were carried out using the Ansys software package.









Regression equations were derived from the calculations to determine the values of the response functions, some of which are presented below (9–20):



	
Option 1. Beginning of concreting in May excluding solar radiation.







     y  i    T  m a x   . p o i n t   2     = 34.004 + 4.375 ·  x 1  − 0.729 ·  x 2  + 0.807 ·  x 3  + 2.787 ·  x 4     − 0.069 ·  x 1  ·  x 2  + 0.297 ·  x 1  ·  x 3  + 1.773 ·  x 2  ·  x 4       



(9)






     y  i    T  m a x   . p o i n t   14     = 31.02 + 4.091 ·  x 1  − 0.263 ·  x 2  + 0.752 ·  x 3  + 3.236 ·  x 4  + 0.262 ·  x 1  ·  x 2     + 0.364 ·  x 1  ·  x 3  − 0.355 ·  x 1  ·  x 4  + 1.399 ·  x 2  ·  x 4  + 0.354 ·  x 1  ·  x 2  ·  x 4       



(10)






     y  i    T  m a x   .   p o i n t   26     = 27 + 2.863 ·  x 1  + 0.449 ·  x 2  + 0.567 ·  x 3  + 4.445 ·  x 4  + 0.581 ·  x 1  ·  x 2     + 0.325 ·  x 1  ·  x 3  − 1.417 ·  x 1  ·  x 4  + 0.832 ·  x 2  ·  x 4  − 0.219 ·  x 3  ·  x 4  + 0.7 ·  x 1  ·  x 2  ·  x 4     



(11)





	
Option 2. Beginning of concreting in October excluding solar radiation.







     y  i    T  m a x   .   p o i n t   2     = 23.17 + 2.346 ·  x 1  + 0.752 ·  x 2  + 0.53 ·  x 3  + 7.109 ·  x 4     + 0.116 ·  x 1  ·  x 2  + 0.309 ·  x 1  ·  x 3  − 2.065 ·  x 1  ·  x 4  + 0.148 ·  x 2  ·  x 3  − 1.773 ·  x 2  ·  x 4     − 0.254 ·  x 3  ·  x 4  + 0.116 ·  x 1  ·  x 2  ·  x 3  + 0.165   ·  x 1  ·  x 2  ·  x 4     + 0.129 ·  x 2  ·  x 3  ·  x 4  + 0.16 ·  x 1  ·  x 2  ·  x 3  ·  x 4     



(12)






     y  i    T  m a x   .   p o i n t   14     = 26.43 + 2.868 ·  x 1  + 0.617 ·  x 2  + 0.546 ·  x 3  + 4.86 ·  x 4     + 0.597 ·  x 1  ·  x 2  + 0.285 ·  x 1  ·  x 3  − 1.581 ·  x 1  ·  x 4  + 0.127 ·  x 2  ·  x 3     + 0.67 ·  x 2  ·  x 4  − 0.273 ·  x 3  ·  x 4  + 0.132 ·  x 1  ·  x 2  ·  x 3  + 0.691 ·  x 1  ·  x 2  ·  x 4     + 0.146 ·  x 2  ·  x 3  ·  x 4  + 0.14 ·  x 1  ·  x 2  ·  x 3  ·  x 4     



(13)






     y  i    T  m a x   . p o i n t   26     = 30.65 + 3.829 ·  x 1  − 0.21 ·  x 2  + 0.72 ·  x 3  + 3.122 ·  x 4     + 0.355 ·  x 1  ·  x 2  − 0.427 ·  x 1  ·  x 4  + 1.359 ·  x 2  ·  x 4  + 0.421 ·  x 1  ·  x 2  ·  x 4     



(14)





	
Option 3. Beginning of concreting in May taking into account solar radiation.







     y  i    T  m a x   .   p o i n t   2     = 46.07 + 4.282 ·  x 1  − 3.708 ·  x 2  + 0.788 ·  x 3  + 2.597 ·  x 4     + 0.291 ·  x 1  ·  x 3  + 1.822 ·  x 2  ·  x 4     



(15)






     y  i    T  m a x   .   p o i n t   14     = 42.6 + 4.352 ·  x 1  − 2.834 ·  x 2  + 0.801 ·  x 3  + 2.66 ·  x 4     − 0.065 ·  x 1  ·  x 2  + 0.293 ·  x 1  ·  x 3  + 1.811 ·  x 2  ·  x 4       



(16)






     y  i    T  m a x   . p o i n t   26     = 30.21 + 4.019 ·  x 1  − 1.554 ·  x 2  + 0.72 ·  x 3  + 2.398 ·  x 4     − 0.239 ·  x 1  ·  x 2  + 0.339 ·  x 1  ·  x 3  + 0.195 ·  x 1  ·  x 4       + 1.565 ·  x 2  ·  x 4  + 0.195 ·  x 1  ·  x 2  ·  x 4     



(17)





	
Option 4. Beginning of concreting in October taking into account solar radiation.







     y  i    T  m a x   .   p o i n t   2     = 26.34 + 2.734 ·  x 1  + 0.548 ·  x 2  + 0.531 ·  x 3  + 4.827 ·  x 4  +    0.561 ·  x 1  ·  x 2  + 0.281 ·  x 1  ·  x 3  − 1.563 ·  x 1  ·  x 4  + 0.129 ·  x 2  ·  x 3  +    0.623 ·  x 2  ·  x 4  − 0.262 ·  x 3  ·  x 4  + 0.132 ·  x 1  ·  x 2  ·  x 3  + 0.611 ·  x 1  ·  x 2  ·  x 4  +    0.139 ·  x 2  ·  x 3  ·  x 4  + 0.137 ·  x 1  ·  x 2  ·  x 3  ·  x 4     



(18)






     y  i    T  m a x   .   p o i n t   14     = 32.93 + 4.296 ·  x 1  − 0.389 ·  x 2  + 0.748 ·  x 3  + 2.72 ·  x 4  +    345 ·  x 1  ·  x 3  + 1.75 ·  x 2  ·  x 4     



(19)






     y  i    T  m a x   .   p o i n t   26     = 42.38 + 3.788 ·  x 1  − 2.256 ·  x 2  + 0.715 ·  x 3  + 2.149 ·  x 4  −    0.426 ·  x 1  ·  x 2  + 0.337 ·  x 1  ·  x 3  + 0.384 ·  x 1  ·  x 4  + 1.435 ·  x 2  ·  x 4     



(20)





By analyzing the equations derived from the solution of the temperature problem, the following conclusions can be drawn:




	
All of the selected factors had a sufficiently strong influence on the values of the maximum temperature at the selected points. The cement consumption (factor    X 1   ), the thickness of the concrete layer to be placed (   X 2   ), and the temperature of the concrete mix (   X 4   ) had the greatest impact. Increasing cement consumption from 70 kg/m3 to 150 kg/m3 led to a significant (on average by 9.31 °C per fixing point) temperature increase in all points of the massif, reaching maximum values in the case of the concreting that started in May at point 2 (the temperature at the point with 70 kg/m3 cement content was 45.18 °C, with 150 kg/m3—54.42 °C).



	
The degree and operator of the influence of the factor    x 2    (the thickness of the concrete layer to be paved) depended on the placement area, the seasonality of the paving operation, and the solar radiation. When solar radiation was not taken into account and concreting started in May in massive areas of the dam, the temperature of the concrete mass decreased as the thickness of the layer of concrete that began to be placed increased (the regression equation coefficients with the clause    X 2    are negative). However, for this option, the picture changed in the area at the crest of the dam, where the opposite was obtained: as the layer thickness increased the temperature rose as well. When concreting started in October, the picture was reversed: in the lower massive part of the dam, an increase in layer thickness led to a rise in temperature, while in the area near the crest, the opposite was true.



	
For options with solar radiation in most areas of the dam, with an increasing layer thickness, there was a decrease in the mass temperature due to lower solar heating in thicker layers. The exception is the area near the base (point 2) for the option with the start of construction in low air temperatures during the autumn-winter period of the year. Paving in thin layers involved the intensive cooling of the concrete with cold air.



	
For the climatic conditions considered, a consideration of solar radiation made a significant contribution to the increase in temperature warming of the structure during its construction (the temperature inside the concrete mass increases by 8.46 °C to 16.14 °C (Figure 8), depending on the fixing point.








The resulting regression equations could be applied to a rapid assessment of the temperature behavior of massive low-cement concrete dams with a bottom width of at least 40 m in all climate conditions.



Based on the results of the various calculations, the most and least favorable design cases in terms of the temperature regime of the dam were identified (Figure 9).



The analysis of the obtained results shows that the most unfavorable in terms of the stress–strain state is the calculated case with the cement consumption of 150 kg/m3, a layer thickness of 0.5 m, increased heat generation, the initial temperature of the concrete mixture +10 °C, and the start of work in May. The most favorable temperature regime was obtained under the following conditions: cement consumption of 70 kg/m3, a layer thickness of 1.5 m, moderate heat dissipation, the initial temperature of concrete mixture +10 °C, and the start of work in October.



For these two cases, the stress–strain state of the structure was calculated by fixing the maximum values of the main tensile stress at points in the center of the mass and the equivalent plastic deformations at points both in the center of the massif and on the surfaces of the pressure and downstream faces (Figure 10).



The resulting numerical model of the temperature regime was applied to the dam under construction at the Pskem HPP site in the Republic of Uzbekistan. The calculations were made taking into account the schedule of the dam construction and reservoir filling (Figure 11) and the change in the reservoir water temperature by depth during each stage of the construction (Figure 12).



The dam was assumed to be built in 131 stages, with a low-cement concrete layer thickness of 1.5 m and 393 stages and a low-cement concrete layer thickness of 0.5 m. At the initial stage of the calculation, the natural stress–strain state of the dam foundation was modeled, after which a continuous layer-by-layer construction was calculated with a corresponding schedule of filling the reservoir. The total construction time for the design crest was 786 days. A special feature of the filling schedule was the time lag between the construction of the dam and the filling of the reservoir, which allowed the concrete to gain strength at the age of 28 days.



The division of the model into a large number of horizontal layers made it possible to accurately simulate the concrete laying process in layers. At each time step, the temperature at the point was set by reading it from the corresponding file with the results of the temperature problem at that time step, with the VAT calculation carried out on the temperature difference (T–Tref.), where Tref. was the initial temperature of the concrete mix.



Based on the results of the temperature calculations of the dam, including the influence of the reservoir, it was found that the reservoir had a significant impact on the temperature at the surface of the upstream face and in the area adjacent to it, but the temperature inside the concrete mass actually remained the same (32.2 °C in the most favorable calculation case and 53.1 °C in the least favorable calculation case, Figure 13).



The most favorable (6) and least favorable (25) calculation cases with the following factor values and construction conditions were selected based on the results of the variation calculations of temperature conditions (Table 2).



The model used allows the changes in strength parameters of low-cement concrete to be taken into account in time by applying special commands of the ANSYS software package [31,32], namely: the modulus of elasticity for the concrete    E  c o n c r e t e    t   ; the strength of concrete in uniaxial compression    R  C ,   c o n c r e t e    t   ; the strength of concrete in uniaxial compression    R  b ,   c o n c r e t e      t   ; the strength of concrete in uniaxial tension:    R  t ,   c o n c r e t e    t   . For each calculation option, a different material was created with its own construction time (   t 0    and    t  28   d a y s    ) and strength/stiffness curve.



The results of the calculations of the stress–strain state in the elastic and elastic-plastic formulations yielded stress and strain distribution patterns (Figure 14, Figure 15 and Figure 16).



Potential fracturing was assessed using two methods:



1. The tensile stress fracture assessment.



Under the criterion laid down in the Russian standard SR 41.13330.2012, “Concrete and reinforced concrete structures of hydraulic structures,” no cracks are formed if the following condition for the value of maximum tensile stress is fulfilled [33]:


  σ  τ  ≤    γ  b 3   ·  γ  b 6   ·  ε  l i m   · φ  τ  ·  E b   τ  ,    



(21)




where:   σ  τ   —maximum tensile stresses at time  τ ,    γ  b 3   —  a coefficient of structural conditions,    γ  b 6   —  a coefficient of working conditions for a solid structure,    γ  b 6   = 1.15  ,    ε  l i m   —  maximum tension of concrete,   φ  τ  —  factor entered to account for age of concrete,    E b   τ  —  modulus of elasticity of concrete at time  τ , MPa.



By substituting the parameters in (21):    γ  b 3   = 2  ;    γ  b 6   = 1.15 ;      ε  l i m   = 4.5 ·   10   − 5     (SR 41.13330, Table B.6); the   φ  τ  = 1.0   value of permissible tensile stress   σ  τ  = 2.85   MPa  .



The results of the calculations (Figure 16) show that the opening of the contact joint at the time of completion of construction occurred in neither the most nor the least favorable calculation cases—contact joint—  (  σ  y , m a x ,    contact   joint    = − 0.75    MPa  < 2.85    MPa  )   and that the tensile stresses in the concrete mass did not exceed the maximum permissible values. On the surface of the upstream face, local zones formed where the tensile stress exceeded the maximum permissible values   (  σ  y , m a x ,    upstream   face      = 7.69    MPa  > 2.85    MPa  )  , which may indicate possible cracking. In this case, the stress values in the concrete mass indicated that no through-cracking took place (Figure 14). Two years after the completion of construction, there was a reduction in the value of maximum tensile stresses (the absolute maximum value of tensile stresses has decreased by 28.65%). However, the estimation of the crack formation from an elastic calculation had some disadvantages. One of them was that the assessment of crack formation according to criterion (21) in SR 41.13330 was made without reference to time and did not take into account the accumulation of deformations with its course (all deformations in elastic operation are reversible). In addition, this criterion (21) was set for fluid-vibrated concrete, which had a different model of loading behavior than low-cement concrete.



2. Assessment of fracture formation by plastic deformation.



The pattern of tensile stress distribution across the cross-section was compared with a similar pattern for plastic strains (taking into account their accumulation over time). The plastic deformation cracking assessment criterion was determined in accordance with the US Army Corps of Engineers ETL-1110-2-542 [34] and the American Concrete Institute ACI 207.5R recommendations [35]. It has been experimentally established that for low-cement concrete, depending on cement consumption, the value of plastic deformation at which cracking occurs ranges from 0.6% to 0.9%.



For a cement consumption of 70 kg/m3 in the most favorable design case, the limit of deformation is 0.6%. For a cement consumption of 150 kg/m3 in the least favorable design case, the limit deformation is 0.85%.



The calculated maximum value of plastic deformation (  0.277 % < 0.6 %  ) (Figure 15) does not exceed the limit value, and cracking does not occur. At the same time, zones of plastic deformation development with values higher than those permissible could be observed on the surface of the upstream face, which may indicate the potential occurrence of cracks, but no through cracks were observed.



A comparison of the assessment of crack formation obtained using the two techniques (stress and plastic deformation) shows that they gave identical results.



The results of the study have shown that both options are suitable for erection in the engineering-geological, hydrological climatic, and actinometric conditions of the construction area and provide the safe and reliable operation of the structure; however, to prevent filtration processes in the dam body it is necessary to provide an external additional impervious element, as a synthetic impervious liner was considered in the present work.



An assessment of the influence of all temperature factors on the thermo-stressed state of the Pskem dam has shown that they fundamentally change the stress–strain state of the structure. The key factor is the heat dissipation of the concrete and other factors (especially the warming effect of solar radiation) that significantly increase its contribution to the thermo-stressed state of the structure (Figure 16).



3. Cost-effectiveness assessment.



The cost-effectiveness assessment was carried out based on the results of the financial calculations of cost and a comparison of a 197 m high earth dam option (central core impervious element) and a low cement concrete gravity dam option with a geocomposite impervious liner installed open on the surface of the upstream face. The design of such an element completely solves the problem of possible seepage through the dam body with possible fracturing on the upstream face.



The results of the comparison of options are presented in Table 3.



Table 3 clearly illustrates the high cost-effectiveness of the proposed solution with a low-cement concrete gravity dam with an impervious liner.



As a methodological recommendation for performing calculations of the thermo-stressed state of a gravity dam made of low-cement concrete, a step-by-step algorithm was presented that could establish the order and sequence of actions for the optimal design of gravity dams made of low-cement concrete (Figure 17). The methodology used in this paper to optimize a low-cement concrete gravity dam using the example of the Pskem HPP in the Republic of Uzbekistan could be extended to other similar structures. The steps proposed in this algorithmic scheme are common to similar design objects regardless of their location and the climatic characteristics of the construction site. This principle is based on the mandatory requirements for the thermal stress state of the structure and the exclusion of temperature cracking.





4. Findings


	
The conducted research indicates the necessity of considering the influence of solar radiation on warming up the massive gravity dam made of low-cement concrete in the climate conditions of Pskem HPP in the Republic of Uzbekistan and similar ones. The methodology for accounting for the influence of solar radiation with respect to cloud cover makes it possible to predict the temperature and radiation regime of a massive gravity dam, taking into account field and satellite observations and determining the amount of absorbed solar energy and the associated heating of the concrete mass with respect to seasonality and the topography surrounding the construction site.



	
The optimization of the temperature regime of the structure, carried out on the basis of the experimental planning theory with a numerical solution in the ANSYS software package, allowed the contribution of each to be evaluated in the internal and external environmental factors to the thermal stress state of the dam in the climate conditions of the construction area in the Republic of Uzbekistan.



	
The created prediction model of the thermo-stressed state made it possible to estimate the values of absolute maximum temperature in the concrete mass; the maximum temperature at characteristic points; the maximum temperature gradient between a point in the mass center; and a point on the pressure face; values of the maximum main tensile stresses and plastic deformations. This enabled a comprehensive analysis to be carried out and the best design option to be selected.



	
Regression equations have been derived from the results of the calculations to determine the values of the required indicators at any of the points under consideration. The equations can be applied to any solid, low-cement concrete dam with a minimum footprint of 40 m in all climate conditions.



	
Based on the results of this work, a construction optimization algorithm was proposed for use in the engineering and justification of design solutions for low-cement concrete gravity dams.



	
Recommendations and prospects for further development of the topic. Laboratory research on the determination of the optimum composition of the concrete mixture, a more detailed consideration of the influence of concrete strength growth in time and its influence on the state of the structure, a more detailed study of the thermal properties of different types of foundations and the general improvement of calculation models and methods are advisable. In addition, a promising direction is the study of cracking processes in massive structures made of low-cement concrete and the search for the new refinement of existing criteria for its assessment.
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Figure 1. Roller-compacted concrete dam Olivenhain, USA, 2004. 
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Figure 2. Cost per 1 m3 of low-cement concrete by volume in the USA. 
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Figure 3. Low-cement concrete laying in the Tashkumyr hydroelectric power station dam. 
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Figure 4. Map of direct solar radiation intensity, kW/m2 in the area of the Pskem HPP (under construction). 
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Figure 5. Graph of changes in angular altitude   (  h 0   ) and the azimuth of the sun, where: 1—local time in the construction area (time zone Tashkent, Uzbekistan, UTC+05:00); 2—movement of the sun at the summer solstice 21.07. 2021; 3—true solar time; 4—sun movement at the spring/autumn equinox; 5—sun movement at the winter solstice 21.12.2021; 6—zone of active solar exposure; 7—shading caused by surrounding terrain; 8—contour of the surrounding terrain at the construction site. 
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Figure 6. Graph of changes in concrete surface temperature, taking into account the ambient temperature: (a) Without the influence of solar radiation; (b) Taking into account the influence of solar radiation. 
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Figure 7. Location of fixed points for the values of the set responses across the cross section of the dam. 
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Figure 8. Example of calculating the maximum temperature in a concrete mass: (a) Calculation taking into account solar radiation; (b) Calculation excluding solar radiation. 
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Figure 9. Calculation results for maximum temperature in concrete mass: (a) The least favorable calculation case; (b) The most favorable calculation case. 
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Figure 10. Results of the determination of plastic deformation in a concrete mass: (a) The least favorable calculation case; (b) The most favorable calculation case. 
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Figure 11. History of dam construction and reservoir impoundment schedule. 
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Figure 12. Diagram of reservoir water temperature variation by depth, by month. 
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Figure 13. Results of calculating the maximum temperature in the concrete mass in the least favorable calculation case: (a) Calculation excluding the effect of the reservoir; (b) Calculations considering the effect of the reservoir. 
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Figure 14. Results of calculation of tensile stresses    σ y    in the concrete mass at the time of completion of construction: (a) The most favorable calculation case; (b) The least favorable calculation case. 
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Figure 15. Results of calculation of plastic deformation in concrete mass at the time of completion of construction with: (a) The most favorable design case; (b) The least favorable calculation case. 
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Figure 16. The main maximum stresses in the dam: (a) Stresses when calculating with regard to temperature factors; (b) Stresses when calculating excluding temperature factors. 
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Figure 17. Algorithm for the design of a low-cement concrete dam. 
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Table 1. Climate characteristics of the Pskem HPP construction area.
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	Features
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX
	X
	XI
	XII
	Av.

an.





	Monthly average

air temp., °C
	−4.0
	−2.0
	3.0
	11.0
	16.0
	21.0
	24.0
	24.0
	19.0
	11.0
	4.0
	−1.1
	9.5
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Table 2. Parameters of the calculation cases considered.
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№. of the Calculation Case

	
Natural Values of Variation Factors and Construction Conditions




	
Cement Consumption,     x 1    , kg/m3

	
Thickness of a Layer,     x 2    , m

	
Heat Dissipation     x 3  ,        kJ / kg   (  Q  m a x   )   

	
Laying Temperature,     x 4    , °C

	
Month of the Work Start

	
Consideration of Solar Radiation






	
6

	
70

	
1.5

	
339

	
10

	
October

	
Yes




	
25

	
150

	
0.5

	
387.7

	
10

	
May

	
Yes
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Table 3. Assessment of the cost-effectiveness of dam design options.
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	Indicator Name
	Option with an Earth Dam with a Loamy Core
	Option with Low-Cement Concrete Dam with a Liner on the Upstream Face





	Volume of dam body material, m3
	36,945,000
	6,925,170



	Present value of 1 m3 of dam body material including all possible costs over the whole construction period, US dollars
	27.25
	85.00



	Total cost of erecting the dam, US dollars
	1,006,765,470
	588,639,450



	Construction time, years
	12
	7
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