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Abstract: In this paper, we consider the issue of assessing the degree of influence of the selected factors on the
temperature regime and the thermally stressed state of a concrete gravity dam being built from low-cement
concrete for several possible construction scenarios. The studies were carried out in relation to the design and
conditions of the construction area of the Pskem hydroelectric complex in the Republic of Uzbekistan. Variation
factors were: cement consumption in the mixture, the initial temperature of the concrete mixture, the heat release
of cement, the thickness of the laid concrete layer, the month of commencement of work. The environmental
factors were the variable ambient temperature during the year by months and the influence of solar radiation. The
calculations were carried out taking into account the seasonality of the moment the construction of the structure
began. 2 options were considered: autumn-winter with concreting of the zone at the base of the dam from
September to February inclusive; spring-summer with concreting of this zone from March to August inclusive.
In addition, options were considered taking into account additional heating from exposure to solar radiation and
without it. The studies were carried out using the methodology of experiment planning in the search for optimal
solutions (method of factor analysis). The numerical experiment was carried out on the basis of the finite element
method using the ANSYS software package. Using the method of factor analysis, the influence of the main
acting factors on the temperature regime of a gravity dam made of rolled concrete was studied. A variant of a
combination of factors is proposed to obtain the most favorable temperature regime. Regression equations are
obtained for predicting the temperature regime of concrete gravity dams being built from low-cement content
concrete. The results of studies using the factor analysis technique can be used in the design of concrete dams
from rolled concrete.

Keywords: concrete gravity dam, low-cement content concrete, numerical studies, temperature regime,
thermal stressed state, factorial analysis, experiment planning theory
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AnHoTaums. B HacTosmei pabore paccMOTPEH BOMPOC OIIEHKH CTENEHU BO3ICHCTBUS BEIOPAHHBIX (PaKTOPOB HA
TEeMIepaTypHBIN pekKUM U TePMOHAIPSKEHHOE COCTOSIHHUE TUIOTHHBI U3 MAJOIIEMEHTHOTO OeTOHA MPU MOMOIIH
METONUKN (DAKTOPHOTO aHAIW3a U HECKOJBKUX BO3MOXHBIX CIICHApUEeB ydeTa. McciemoBaHus MPOBOAUIHCH
MPUMEHHUTEIBHO K KOHCTPYKIMHM M YCIOBHSM paifoHa cTpouTenbcTBa [IckeMckoro rumpoysia B PecmyOnuke
V36ekucran. @akropamMu BappUPOBAHMUS SBISUINCH: PACXO] IIEMEHTA B CMECH, Ha4aIbHAs TeMIIepaTypa OCTOHHOM
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BIWSIHAE COJTHEYHOW pamuamud. PacdeTsl TPOBEINCHBI C Y4E€TOM CE30HHOCTH (2 ce30Ha: OCEHHE-3UMHUH ¢
ceHTSI0pst TO (QeBpanb BKIIOYUTEIHHO; BECCHHE-ICTHUH € MapTa MO aBTyCT BKIIOYHTENBHO) IS IBYX

138 International Journal for Computational Civil and Structural Engineering



Analysis of the Degree of Influence of Internal and External Factors on the Temperature Regime of a Low-Cement

Concrete Dam

BAPUAHTOB: € YYCTOM JONOJIHHUTCIIBHOTO pa3orpeBa OT BOSL[CﬁCTBI/IH COJTHEYHOI paguanun 0e3 Hero. B
pe3yiibTare OBLIO OIIPCACIICHO CYMMApPHOC TEMIICPATYPHOC BOBI[@fICTBHC Ha TIOBEPXHOCTU BO3BOAUMOIO
COOpYKCHUA (CpeﬂHeMeCH‘{Haﬂ TeMnepaTypoﬁ 0pr>KaIOHICI>'I cpeabl COBMECTHO C HArpeBOM OT COJTHEYHOU
pa;(plaum/l). OCHOBBIBAsICh Ha TMOJIYYEHHBIX pPE3YyJIbTaTax, ObLIN CICJIaHbl BBIBOABI O BKJIAAC KaXI0Io H3

BBILICTICPEYNCIIEHHOTO  ()aKTOPOB B

TEeMIIEpaTypHBIN

PSKUM M TEPMOHANPSDKEHHOE  COCTOSHHE

paccMaTpuBaeMOro COOPYKEHHMsS, a TaKKe MONYyYeHbl YPABHEHUS PErPECCHH, MO3BOJSIOUINE ONPEICTUTh
3HAYEHHUS] MCKOMBIX IOKa3aTeleii B 3aJaHHBIX XapaKTEPHBIX TOYKAX, PACIPEACICHHBIX MO CEYCHHIO IJIOTHHBI.
YpaBHEHUS TPUMEHHUMBI JJI51 JTFOOBIX MAaCCHBHBIX IJIOTHH M3 MAJOIIEMEHTHOIO OETOHA C IIMPHUHON MOMOIIBHI HE
MeHee 20 M, pacToIOKeHHBIX B JTIOOBIX KIMMATHUECKHUX YCIOBHSIX.

Kuarwueble cjioBa: OcToHHAS rpaBUTAallMOHHAA IUIOTHHA, MaJIOLIEMEHTHBIN 66TOH, YHUCJICHHBIC UCCJICI0OBAaHUAA,
TeMnepaTypHHﬁ PCKUM, TCPMOHAIIPAKEHHOE COCTOSIHUC, (l)aKTOpHLIfI aHaJIn3,
TCOPUs IJIaHUPOBAHUA SKCICPUMCHTA

INTRODUCTION

Forecasting the temperature regime of a gravity

dam made of rolled concrete during
construction and operational periods s
necessary at the design stage of the

construction. The solution of this task is rather
complicated due to numerous functioning and
changing in time factors. The issues of
predictive modelling of the temperature regime
and thermally stressed state of gravity dams
have been considered in a number of works in
Russia as well as abroad [1-12]. In recent years
there have been significant changes in solving
this issue, connected with the development of
massive concrete dams’ construction
technologies as well as calculation methods
allowing to take into account various acting
factors. Nevertheless, temperature regime
control and thermally stressed state of building
remain topical today. This article represents
results of a temperature regime and thermally
stressed state of the gravity dam made of low-
cement rolled concrete. The analysis of degree
of influence of selected factors on temperature
regime and thermally stressed state of the dam
is carried out using the method of factor
analysis [13-14].

Several possible scenarios for determination and
evaluation of influence degree of various factor
on stress-deformed state of the building. The
calculations were carried out taking into account
the seasonality of pouring concrete: starting in
March and in September. The effect of solar
radiation on the temperature regime is
considered in detail. The calculations are
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provided for two variants: taking into account
additional heating of the surfaces of the
constructed structure from the influence of the
solar radiation and not taking these into account.
The solution of the problems of determining the
temperature regime and thermally stressed state
of the considered variants was obtained using
the ANSYS software package on the basis of
the finite element method [15-21].

A mathematical model of the structure, which
makes it possible to predict the temperature
regime and the thermally stressed state of the
structure, was obtained from the results of the
research. The best and the worst variants of
value combinations of the considered factors
from the point of view of the temperature
regime of the structure were determined.

1. METHODS

1.1. Theoretical basis for solving the
temperature problem

Numerical modelling of the temperature

nonstationary problem taking into account heat
emission by hydration of the cement is based on
the solution of the well-known equation of
thermal conductivity theory [1-6]:

kV2T+Q=pcaa—T, (1)
T

where: T — temperature function, °C; k — thermal
conductivity of material, m?/s; ¢ — material
specific heat capacity, kJ/kg - ‘C; p — density of
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material, kg/m®; O — heat released during
hydration, kJ/m?; 7 - time, days.

The equation (1) can be written the following
way:

Kyr LT @)

cp cp T o

The amount of heat released in the hydration
process is defined as:

Q=C-E, €)

where: C — cement consumption per cubic meter
of concrete, kg/m*; E — maximum heat release
of cement, klJ/kg). Thus, the solution of the
temperature problem for a constructed concrete
block with thermal insulation of surfaces is
reduced to the solution of the basic differential
equation of the theory of heat conduction with
internal heat sources (2). A boundary condition
of the 3" kind (convective heat exchange) was
considered as the limiting condition on the
border of the structure.

The heat release of cement was taken into
account using the known dependence for the
isothermal process (4) [8-9,12,18-19]:

Q = Qmax" [1 - (1 +A4;- T)_0’833]n (4)

where: A; — coefficient of heat release rate (5):

t=20
A=Ay 2 <, (5)

where: ¢ =10°C, A,y — coefficient of heat
release rate at 20 °C [8-9,12,18-19,21].

2. OBJECT OF STUDY

As the object of study, a concrete gravity dam
with a height of 197 m made of rolled concrete
was considered, designed for the Pskem
hydroelectric complex (Republic of
Uzbekistan), the site of which is located in the
mountains of the Western Tien Shan. The
average heights in the construction area there
vary between 2 000 m — 4 400 m and decrease
from the source to the outlet.

2.1. Climatic conditions of construction area
of the facility

The climate of the construction area is
characterized by an average annual air
temperature of 9,5 °C. The average long-term
air temperature of the coldest month falls on
January — minus 3,2 °C, the warmest — on
August — plus 24,4 °C. The distribution of
average monthly temperatures throughout the
year is presented in Table 1 and Figure 1
(curve without solar radiation). The data were
obtained for the observation period from 1938
to 2016.

Table 1. Average monthly and average annual temperatures in the area of the object

Characteristic I 17 117 v 14

vi | v | "7 x| x| x| xu |
1 year

Average
monthly
temperature °C

-2,0 | 3,0 | 11,0 | 16,0

21,0 | 24,0 24,0/ 19,0 | 11,0 | 4,0 | -1,1| 9,5

Concrete
surface
temperature
taking into
account solar
radiation, °C

3,5 | 10,1 | 18,1 | 29,6 | 33,5

36,2 | 41,2| 40,9| 35,4 | 25,8 | 13,4 | 5,9 | 23,5
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Figure 1. Graph of changes in in the average monthly air temperature in the construction area

The climate in the dam site area is characterized
by a large number of sunny days in the year —
250. Therefore, solar radiation was considered
as one of the factors influencing the formation
of temperature regime of the construction.

The issue of solar radiation effect on the
temperature regime of concrete dams in
construction and operational periods and the
development of a methodology for accounting
for this effect has received relatively little
attention to date. The works of domestic
researchers [1,5-6,8-9,12] contain a number of
indications on the need to take into account
solar  radiation when calculating the
temperature regime of concrete constructions.
The usual approach, used in hydrotechnical
practice is usually to increase the temperature

on the construction surface exposed to
sunlight using the dependence [22-24]:
h=1st R/an, (6)

where s — air temperature, R — amount of
radiant hear absorbed by a unit surface per unit
time; a» — coefficient of heat transfer at the
contact of the structure with air.
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For the climatic conditions in Russia the
average daily value of the surface temperature
due to solar radiation R/an varies within (4-10)
°C [22-24].

The papers [22-24] propose to use some average
parameters of thermal heating from solar
radiation So, kJ/(m?-h) depending on the
latitude of the considered point of the Earth and
the month of the year, obtained on the basis of
meteorological observation data.

The value of heating from solar radiation for a
day with variable cloudiness can be determined
from the dependence:

§=5-(1=k, n), (7)
where S — the amount of solar radiation heat on
a day with variable cloudiness; So - the amount
of heat of solar radiation on a sunny day; n — the
cloudiness coefficient; k7 — coefficient taking
into account the latitude.

One of the first objects where much attention
was paid to the study of the solar radiation
influence was the high concrete dam of the
Toktogul hydroelectric power station in the
Republic of Kyrgyzstan, where the summer
period is characterized by high solar activity.
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The determination of solar radiation effect on
the temperature regime of the dam on this site
was carried out on the basis of data from field
actinometric observations directly at the
construction site. At the same time, the impact
of the scattered solar radiation was assumed to
be directly proportional to the impact of direct
solar radiation, which led to a decrease in
accuracy of the assessment results.

The study of this issue was actively carried
out by Chinese researchers in relation to
transport facilities [22-24]. In particular, an
issue of solar radiation’s impact on the
temperature regime of bridge supports was
considered. However, such facilities are not as
massive as concrete dams, which results in
more intensive cooling of the structure due to
convective heat transfer. The ability of the
surfaces of concrete masses to absorb solar
energy also needs additional study.

The solar radiation impact will be especially
significant for the high gravity dam of rolled
concrete considered in this paper. In this case
due to the intensive rate of concreting and
erecting the structure in fairly thin layers (from
0,5 to 1,5 m) the degree of solar radiation
impact on the formation of the temperature
regime increases.

The modern approach to assessing the impact
of solar radiation, conducted in this paper,
allows to take data from both field and
satellite observations into account as well as
determine the amount of absorbed solar
energy and heating of concrete mass
connected to it according to seasonality and
the terrain around the building site.

The radiation regime of the surfaces under
consideration when erecting the dam made of
low-cement concrete (the surface of the pressure
and downstream faces, the horizontal face of the
laid layer) is formed by radiant energy flows.
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The total solar radiation affecting during the day
on a horizontal surface is determined by the
formula (8):

G =] - sinhy + D, (8)

where J — intensity of direct solar radiation,
W/m?, determined by means of satellite/field
actinometric observations [1]; D — diffused solar
radiation, W/m?, ho — angular height of the sun,
degrees, determined by the dependence (9):

sinh, = sing - sind + cosg - cost - cosé, 9)
where ¢ — the latitude of the construction area;
6 — declination of the sun, deg; t — hour angle,
deg.;

The calculation of the characteristics of solar
radiation was conducted taking into account
the peculiarities of the location of the
hydroelectric complex and the terrain around
the site selected specifically for the
construction. On Fig. 2 below is a graph for
determining the angular height of the sun
above the horizon and the solar azimuth, built
taking into account the terrain.

As the result the temperatures on the concrete
surface of the gravity dam under construction
were determined, considering its increase
from solar radiation effects by months of the
year.

The obtained results are presented on Fig. 2 and
Table 1. A significant increase in temperature
on the surface due to solar radiation can be
noted: for example, it is 17,2 °C in July.

Data obtained as a result of calculating solar
radiation impact temperatures on the surface of
concrete structure by months were used in
calculating the temperature regime at the next
stage.
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Figure 2. Map of the intensity impact of direct solar radiation, kW/n? in the construction area of
the Pskem HPP
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Figure 3. Graph of the change in the angular height hy and solar azimuth, where: 1 — local time in
the construction area (time zone of Tashkent, Uzbekistan, UTC+05:00), 2 — the movement of the
sun on the summer solstice day on 21.06.2021; 3 — true solar time; 4 — the movement of the sun on
the spring/autumn equinox day, 5 — the movement of the sun on the winter solstice day on
21.12.2021; 6 — zone of active solar impact; 7 — shading caused by the surrounding terrain; 8 — the
contour of the surrounding terrain at the construction site

2.2. Statement of studies using factor

analysis.

The main task of studying the temperature regime
of a low-cement concrete dam, the results of
which are presented in this paper, is to analyze the
degree of influence of the selected factors, to
assess their favorable or unfavorable effect on the
structure. Based on the obtained mathematical
model of  the temperature regime,
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recommendations will be developed to achieve a
favorable temperature distribution in the structure
and a combination of acting factors will be
determined to ensure the optimal solution. It must
be optimal technologically and economically and
meet the stated requirements for the reliability and
structural safety. The issues of predictive
modeling of the temperature regime and the
thermally stressed state of concrete gravity dams

143



Nikolay A. Aniskin, Alexey A. Shaytanov, Mikhail M. Shaytanov

were considered in a number of works performed
at NRU MGSU, JSC “VNIIG named after B.E.
Vedeneev”, in the branch of JSC “Institute
Hydroproject” — “NIIES” and other organizations
[1-12,16-17,22-24]. Within the framework of this
work, numerical studies were performed using the
ANSYS software package using the finite element
method [15-24]. The result of the work is a
mathematical model of the structure, which makes
it possible to predict the thermally stressed state of
the structure and ensures maximum project
efficiency. The analysis of the degree of influence
of the selected factors on the temperature regime
and the thermally stressed state of the low-cement
concrete dam was carried out using the factor
analysis technique [13-14]. Several possible
scenarios are considered for accounting and
assessing the degree of influence of various
factors on the stress-strain state of a structure. The
calculations were carried out taking into account
seasonality (2 seasons: autumn-winter including
the September — February period; spring-summer
including the March to August period). The effect
of solar radiation on the temperature regime is
considered in detail. The calculations were carried
out for two options: with and without additional
heating from exposure to solar radiation.

As an object of study, a gravity dam made of
rolled low-cement concrete with a height of 197
m was considered. Fig. 4 presents the cross-
section with the position of control points
intended to establish temperature values. The
formation process of the temperature regime in
the process of layer-by-layer -construction,

filling the reservoir and the start of the
operational period (the first year after the
completion of construction) was considered.
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Figure 4. Cross-section of the dam with
indication of control points

To create a predictive model for the temperature
regime of a gravity dam made of rolled
concrete, we used the experimental planning
technique [13-14]. To carry out computational
studies, the following factors were chosen that
affect the formation of the temperature regime:
cement consumption (X1); thickness of the laid-
out layer (X2); heat generation of cement (X3),
temperature of the laid-out concrete mixture
(X4). The selected intervals of factor variation
are presented in Table 2.

Table 2. Intervals of factor variation

Factor Values
Factors of variation designation Minimum Maximum
1. Consumption of cement in the mixture X1 70 150
(kg/m*)
2. Thickness of the laid-out concrete layer X2 0,5 1,5
(m)
3. Heat generation of cement (KJ/kg) X3 293/339 335/388
Q28/ Qmax
4. Concrete placement temperature (°C) X4 10 30
144 International Journal for Computational Civil and Structural Engineering
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The heat emission rate of cement was chosen
for the most widely used types in the
manufacture of low-cement concrete mixes.
This choice is associated with a faster build-up
of strength, which allows one to speed up the
construction of the structure. Calculations in
accordance with the compiled planning matrices
for the selected factors were performed for the
following options:

1. Depending on the month of commencement
of construction works: May or October with
the corresponding ambient temperatures;

2. Depending on the consideration of solar
radiation, the variable temperature of the
concrete surface was assumed to be equal to
the temperature or the ambient temperature.
The following values obtained during the
entire considered time period were selected
as responses:

1. Absolute maximum temperature in the
concrete array (with indication of the
location of the corresponding point),
LC;

2. Maximum temperatures at characteristic
points No. 2, No. 8, No. 14, No. 20, No.
26 (Fig. 4), [IC.

3. Maximum temperature gradient between
a point in the center of the array and a
point on the surface of the pressure face,
indicating the corresponding points, [1C.

3. RESULTS OF THE STUDY

Let us consider some of the obtained equations
and analyze the results obtained from the
solution of the temperature problem.

Option 1. Beginning of concreting in May
without taking solar radiation into account.

Viltmay) = 34544 + 4,33, — 0,818 ' x, + 0,787 * x5 + 2,707 %, —
=0,067 - xy-x,+ 0312 - x; - x3+ 1,782 - x5 - x,

(10)

Option 2. Beginning of concreting in October
without taking solar radiation into account.

VitTpar) = 34541 + 4,334 x, — 0,821 %, + 0,79 23 + 2,71 x, —
—0,064 - x, *x; + 0,307 - x, " x; + 1,785 x, ' x,

(11
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Option 3. Beginning of concreting in May,
taking solar radiation into account.

Viltmar) = 479 +3396 -2, — 2,987  x, + 0,695 23 + 1,619 x, —
—0876x,x, + 0,317 x, "%, + 0845 x, - x, — 0,105+ %, %, + 0,919 - x, - x, +
+0,089 x5 %, +0,855-x, - x, - x, + 0,101 - x; " x3 - X,

(12)
Option 4. Beginning of concreting in October,
taking solar radiation into account.

Yiltmar) = 47,9 + 3,376 -2, = 2976 - x, + 0,695 x3 + 1,62 - x, -
—0,884 - x; %, + 0,313 -2 23 + 0,865 - %, - x, — 0,092 x, - 23 + 0,908 %, * x,
+0,089 - xy - x, + 0,863 x, " x,-x, + 0,089 x, - x, " x,

N
(13)
Analyzing the equations obtained from the
solution of the temperature problem, we can
draw the following conclusions:
— All the selected factors have a significant
effect on the maximum temperatures at the
selected points. This is most influenced by the
cement consumption (factor Xi), the thickness
of the Ilaid concrete layer (X2) and the
temperature of the concrete mix (X4). An
increase in cement consumption up to 150
kg/m® (the maximum value of factor Xi) leads
to an increase in the temperature in the concrete
array by ~ (8-12) [JC compared to the minimum
considered consumption of 70 kg/m°.
— The degree and sign of the influence of the
factor X2 (thickness of the laid-out concrete
layer) has a different effect depending on the
laying zone, the seasonality of laying and
whether solar radiation is taken into account. In
the case when solar radiation is not taken into
account and the concreting is begun in May
(option 1), in the massive zones of the dam,
with an increase in the thickness of the layer of
laid concrete, the temperature of the concrete
array decreases (the coefficients of the
regression equation with a Xz are negative).
However, for this case, the result changes in the
near-ridge zone (point 26), where the reverse
result is obtained: with an increase in the layer
thickness, the temperature increases. At the
beginning of concreting in October (option 2),
the result is reversed: in the lower massive part
of the dam, an increase in the layer thickness
leads to an increase in temperature, and vice
versa in the zone near the crest.
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— For options with taking solar radiation into
account (options 3, 4), in most areas of the dam,
with an increase in the thickness of the layer,
the temperature of the array decreases, which is
explained by a decrease in the degree of solar
heating for thick layers. An exception here is the
zone near the base (point 26) for option 4,
which is explained by the influence of low air
temperature in the autumn-winter period of the
year, when this zone is concreted. When laying
out in thin layers, the concrete is intensively
cooled by cold air.

— For the considered climatic conditions,
taking into account solar radiation makes a
significant contribution to the increase in the
temperature heating of the structure during its
construction. The impact of solar radiation
causes an increase in temperature in the
concrete array at a maximum of (15-16) [ICLI

— The choice of the start of dam construction
(the options for starting work in May and
October are considered) determines the
formation of the temperature regime in the most
problematic zone of the structures, that is, the
one near the contact of the dam with the

TEMPER,oC,ECC+1 year

a)
Figure 5. The results of calculating the maximum temperature in the concrete array:
a) the most favorable design case; b) the least favorable design case

The resulting mathematical model of the
temperature regime of a gravity dam made of
rolled concrete can be used to predict the
temperature regime of similar structures and to

146

foundation. Thus, the start of concreting in May
leads to an increase in temperature in the area of
the dam close to the base by ~ (16-17) [IC
compared to the option of starting concreting in
October.

Based on the results obtained, the worst and the
best-case scenarios were determined in terms of
the temperature regime of the structure. The
degree of heating of the concrete array was
considered as an evaluation criterion. The least
favorable is the option with the following values
of the factors and conditions of construction:
cement consumption — 150 kg/m?, layer
thickness — 0,5 m, heat release is increased,
initial temperature of the concrete mixture +30
LIC, start of work in October, solar radiation is
taken into account. The most favorable option
corresponds to the following values of the
factors: cement consumption — 70 kg/m?, layer
thickness — 1,5 m, heat release is moderate,
initial temperature of the concrete mixture +10
[IC, with the start of work in May and taking
solar radiation into account. The temperature
distribution for these options is shown in Fig. 5.

TEMEER, oC,EOC+1 year
8.84 —

b)

select the optimal combination of the considered
factors. At the next stage of research, the results
of solving temperature problems were used to
calculate the stress-strain state.
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4. CONCLUSIONS AND DISCUSSION

We have presented the practical application of
the technique for determining the effect of solar
radiation on the temperature regime of the low-
cement concrete dam of the Pskem
hydroelectric power plant, taking into account
the shading of the terrain. Such an impact
increases the average annual temperature of the
concrete surface by 13,98 °C or by 147,16%,
which is a significant factor that must be taken
into account when designing such structures in
similar climatic conditions. In the considered
example solar radiation causes an increase in
temperature in the concrete array, depending on
the considered point, by 53,72% — 89,5% (from
8,46 [1C — 16,14 [1C). Based on the results of
variational calculations, the most and least
favorable design cases were determined in terms
of the temperature regime of the dam. The worst
case is the one with the following values of the
factors: cement consumption — 150 kg/m?, layer
thickness — 0,5 m, heat release is increased,
initial temperature of the concrete mix +30 [IC,
start of work in October. The most favorable is
the case with the following values: cement
consumption — 70 kg/m?, layer thickness — 1,5
m, heat release is moderate, initial temperature
of the concrete mixture +10 [1C, work begins in
May.

Based on the results of the calculations,
regression equations were obtained that make it
possible to determine the values of the desired
indicators at the points under consideration. The
equations are applicable to any massive low-
cement concrete dams with a base width of at
least 40 m in any climatic conditions.
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