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Abstract: The paper deals with an impact of non-mechanical loads on the state of strength in massive concrete hydraulic structures.
An example of hydroelectric plant subjected to the effect of water temperature annual fluctuation is considered. Numerical analysis
of transient thermal-elasticity problem was performed. After determining the temperature distributions within the domain, the
Duhamel–Neumann set of constitutive equations was employed to evaluate fields of mechanical quantities: displacement, strain and
stress. The failure criterion proposed by Pietruszczak was adopted in assessing whether the load induces exceeding of strength of
concrete within the structure volume. The primary finding is that the temperature effect can lead to damage of concrete in draft tubes
and spirals, especially in winter months.
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1. INTRODUCTION

Non-mechanical loads play the key role in the
state of strength of massive concrete structures [1]–
[3]. In the case of hydraulic structures, the most
notable non-mechanical loads include the annual
changes in temperature of the water in the river,
drying shrinkage of the concrete during the con-
struction as well as hydration heat [4]. In addition,
chemical causes like alkali–aggregate reaction (AAR)
affect the durability and serviceability of hydraulic
structures by the effect of deterioration of concrete
characteristics [1], [2], [5]. As the evidence sug-
gests, one of the major non-mechanical loads is an
annual fluctuation in temperature of water [3], [6].

An impact of annual changes in water tempera-
ture on the massive concrete elements has already
been discussed in former work of the authors [6].
The temperature distribution in a 6 m thick concrete
wall exposed to contact with river water was investi-
gated. The obtained results indicate that for two time
points in the year, when the concrete takes about
minimum and maximum temperature, there is no
significant temperature gradient within the concrete
volume. Then, adopting the assumption that the tem-
perature is uniform over all concrete elements, a stress
distribution within the hydro power plant (HPP) was
computed. The state of strength was assessed based

on the Drucker–Prager criterion. The results showed
that changes in temperature could cause damage to
concrete elements. This paper is an extension of
aforementioned. A transient thermo-elasticity prob-
lem is considered. Hereby, the approach allows ana-
lyzing the state of strength in the structure at any
time point over the year. Moreover, the exact tem-
perature distributions make the results of mechanical
analysis more reliable. Furthermore, more adequate
strength criterion is employed in assessing the state
of strength in concrete elements of the HPP, i.e.,
failure locus proposed by Pietruszczak et al. [12] is
adopted.

The paper is organized as follows. The next sec-
tion discusses the annual temperature course of
water in the river and the way it is accounted for in
further analysis. The main issue addressed in the
paper comprises numerical simulations. The tran-
sient thermo-elasticity problem concerning a block
of HPP example located on the Vistula River is
under consideration. Providing an assumption that
the dependence of mechanical properties on thermal
state of material is negligible, the transient thermo-
elasticity problem can be solved as uncoupled [7],
[8]. Therefore, the first stage of the analyses in-
volves the problem of transient heat flow in the
concrete structure of the power station and ex-
tracted region of subsoil. The second stage incorpo-
rates temperature distributions obtained in compu-
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tations concerning mechanical fields, i.e., displace-
ment distribution and consequently stress. The
Duhamel–Neumann relations are used as a consti-
tutive set of equations, e.g., [7], [8]. Finally, the
state of the structure is assessed in view of concrete
strength.

2. ANNUAL FLUCTUATION
IN WATER TEMPERATURE

The impact of annual fluctuation in water tem-
perature is considered as non-mechanical load of pri-
mary importance in this study. The course of the
fluctuation in temperature of water in the Vistula
River is based on the measurements conducted in the
HPP. The evidence covering three years of measure-
ments has already been reported by Łydżba et al. [6].
The authors have also proposed sine function ap-
proximation. The temperature course as well as the
function approximation is shown in Fig. 1.

As the evidence indicates (black plot in Fig. 1) the
temperature of water in the river fluctuates between
1.0 °C in winter and 20 °C in summer. That fact is
taken as an assumption for constituting the function
approximation. Therefore, the variation of water tem-

perature over time can be approximated by the fol-
lowing equation
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where Tw denotes water temperature, tyear is the period
of one year and t denotes the time. Note that the initial
time point (t = 0) refers to the second half of April,
when the value of temperature takes an annual aver-
age, equal to 10.5 °C and the rate of temperature in-
crease reaches maximum.

3. NUMERICAL SIMULATIONS

In order to verify the influence of temperature
changes on a block of hydroelectric plant numerical
calculations were carried out using FEM. FlexPDE
software was used to solve a series of initial boundary
value problems. The geometrical model consists of
one block of hydroelectric plant and extracted region
of subsoil. The model comprises 142535 second order
tetrahedral elements and 235241 nodes. An outline of
the geometrical model of the HPP with the FE grid is
provided in Fig. 2.

Group: Water temperature ⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ function approximation
Sensors: TWT (Tail Water Temperature) –––––

Fig. 1. Measurements of temperature conducted in the HPP and the fitting function
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Fig. 2. An outline of the geometrical model of the HPP

The HPP being considered was erected in the 1960s
as a massive concrete structure. It consists of 3 blocks
separated by expansion joints. Each block has two gen-
erators installed. In this particular work a single block
is considered, namely the middle one. The width of the
block is about 50 m; the size along the current of the
river is about 60 m. The subsoil region extent reaches
10 m below the base of the structure.

3.1. TRANSIENT HEAT FLOW ANALYSIS

A series of numerical calculations of transient
heat flow within the HPP and the subsoil were per-
formed. The following equation governs the heat
transfer:
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where k – thermal conductivity, c – specific heat
capacity, ρ – density, T – temperature and t – time.
The values of constants adopted for calculations
are: kc = 0.0017 kW/(m·°C) for concrete and ks =
0.0004 kW/(m·°C) for the soil, cc = 850 kJ/(kg °C)
and cs = 800 kJ/(kg °C), ρc = 2.5 t/m3, ρs = 2.0 t/m3.
The material constants adopted above correspond to
the typical values for concrete and saturated sand.

Boundary conditions are as follows, i.e.:
• fixed temperature equal to 10.5 °C at the bottom

surface of soil region (average temperature of the
soil at that depth);

• fixed value of temperature equal to 20.0 °C at
internal surfaces of halls, offices, inspection gal-
leries, etc.;

• zero heat flux through the surfaces of truncation
planes of subsoil as well as expansion joints (con-
sequence of quasi-symmetry of the structure with
respect to the expansion joint planes);

• zero heat flux at external surfaces of machine
halls and offices due to their external thermal in-
sulation.
The boundary conditions are schematically shown

in Fig. 3.

Fig. 3. The boundary conditions in heat transfer analysis
– axonometric view of HPP. Blue – fixed temperature

of the water in river, according to formula (1),
orange – temperature in internal surfaces equal to 20 ºC,

gray – zero flux through the surface )0( =⋅nq

The initial condition is the uniform temperature
over the HPP and the soil, equal to average year
temperature of the water in the river. The calcula-
tion involves 5 years’ course. The authors present
a numerical example that indicates that in this type
of the problem the initial condition effect fades
after about one or two years [6]. Therefore, the as-
sumption is taken: the initial condition impact in the
fifth calculation year is of negligible importance.
Then, further consideration reflects on a year, the
fifth one.

Results of the computations, i.e., temperature
distributions at chosen time points of the year are
presented in Figs. 4–7. To show more details, the
cross-sections of the draft tubes are presented
on the plots. Figure 4 refers to the second half of
April when the temperature of water takes the aver-
age value and has the maximum increase rate. Fig-
ure 5 refers to July, when the temperature of water
takes the peak maximum value, Fig. 6 to October
and Fig. 7 to January, when the temperature is the
lowest.
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Fig. 4. The temperature distribution in April

      

Fig. 5. The temperature distribution in July

      

Fig. 6. The temperature distribution in October

    

Fig. 7. The temperature distribution in January
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3.2. ANALYSIS OF STRESS DISTRIBUTION
WITHIN THE STRUCTURE

Calculations concerning displacement and stress
fields cover full year course, month by month. The
stress distributions at chosen time points were ob-
tained by incorporation of the temperature distribution
determined from transient heat flow analysis. The
Duhamel–Neumann set of constitutive equations is
employed. For isotropic case, it can be expressed as

))(32(2 0TTGG ijkkijijij −+−+= λαδλεδεσ (3)

where σij – stress tensor, εij – strain tensor, α – ther-
mal expansion coefficient, G, λ – Lamé parameters,
T – temperature, T0 = 10.5 °C – reference temperature,
which corresponds to zero thermal strain. The values
adopted for the analysis are Gc = 14.237 GPa, λc =
8.009 GPa (corresponding to Young’s modulus Ec =
33.6 GPa, νc = 0.18) for concrete and Gs = 7.143 MPa,
λs = 33.333 MPa (equivalent to Young’s modulus Es =
0.02 GPa, νs = 0.4) for subsoil. The concrete elasticity
and strength parameters correspond to their average
values determined from in-situ and laboratory tests
conducted on the structure [9].

Boundary conditions are as follows. Oedometric
boundary condition is prescribed to truncation sur-
faces of the subsoil region and expansion joints. In
other words, displacements in the direction normal to
surfaces are fixed and shear stress on the surfaces is 0.
Furthermore, the following loads are incorporated:
• dead weight of concrete and soil resulting from

specific weight values equal to: γc = 24 kN/m3

and γs = 19 kN/m3 for concrete and subsoil, re-
spectively;

• dead weight of the cranes, Qc = 5242.5 kN;
• dead weight of the generating sets, Qgs = 8662.7 kN

(each of two);
• operational load in offices and halls q0 = 5.0 kN/m2;
• traffic load on the bridge, qt = 40.0 kN/m2;

• pressure in draft tubes on the basis of calculation
conducted with use of Flow3D FE code [9].

4. RESULTS OF
NUMERICAL ANALYSIS

Because the aim of analysis is to evaluate strength
state of the structure, a proper criterion for assessment
needs to be chosen. A great number of failure criteria
for concrete can be found in literature [10]–[13].
However, the one proposed by Pietruszczak et al. in
[12] was chosen because it has a few advantages. It
exhibits fair compatibility with experimental evidence
and it is relatively simple in the mathematical form.
The failure surface adopted in the analysis can be
expressed as:
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where a1, a2, a3 – dimensionless material constants,
fc – uniaxial compressive strength of concrete; I = σkk

– first invariant of stress tensor; J2 = 1/2 sijsij – second
invariant of stress deviator; sij = σij – 1/3 δij σkk,
θ – Lode’s angle, g(θ) – function determining the
cross-section shape of limit surface in the deviatoric
plane in the space of principal stresses. Within this
analysis the following assumption applies: g(θ )  = 1.0
= const. Based on the research conducted by Pie-
truszczak et al. [12], the values of constants for con-
crete were adopted as follows: a1 = 1.9253, a2 =
0.5635, a3 = 0.3. The uniaxial compressive strength
fc = 30.0 MPa corresponds to C30/37 class of con-
crete, which has been identified from in-situ meas-
urements.

Figures 8–12 present the values of function f. To
clarify the presentation of results, areas associated

      

Fig. 8. Non-negative values of failure function (4) for temperature distribution in November
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Fig. 9. Non-negative values of failure function (4) for temperature distribution in December

      

Fig. 10. Non-negative values of failure function (4) for temperature distribution in January

      

Fig. 11. Non-negative values of failure function (4) for temperature distribution in February

      

Fig. 12. Non-negative values of failure function (4) for temperature distribution in March
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with negative values of f are set transparent. Thus,
visible, colored subareas of the graphs indicate the
space where the material strength was exceeded. The
outcomes presented in these figures cover only the
months for which the values exceeding zero appear
within the domain, namely November–March.

The results obtained showed that exceeding of
strength due to temperature effect occurs in winter
months. The areas of draft tubes and spirals are nota-
bly affected. It is worth noting that the other mechani-
cal loads accounted do not lead to damage without
incorporating the temperature effect. Thus, the tem-
perature effect is the crucial reason of exceeding of
the safe stress level in the concrete.

5. SUMMARY AND CONCLUSIONS

The transient thermal-elasticity problem concern-
ing HPP was solved. An assumption that mechanical
properties do not depend on temperature state, justi-
fies treating the problem as uncoupled. So the prob-
lem was solved in two stages. The first one involved
the transient heat flow within the structure and ex-
tracted subsoil region. The second stage incorporated
outcomes from the first one and evaluation of fields of
mechanical quantities, i.e., displacement, stress and
strain. The stress distributions calculated for different
time points over the year were assessed based on fail-
ure criterion given in [12]. The effect of annual fluc-
tuation in temperature was found to cause exceeding
the strength of concrete elements. That confirms the
findings from the former work of the authors [6]. The
present analysis allows estimation of temperature
effect at different time points over the year. Moreover,
transient heat flow analysis and more sophisticated
failure criterion for concrete result in outcomes that
are more reliable.

The results presented indicate that the higher effort
of concrete occurs in the winter months. Adverse
temperature effect intensifies is January, when the
exceeding of strength affects the largest subarea of the
structure. The results are consistent with the observa-

tions made on site: most of the cracks appeared in the
area of draft tubes [9].
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