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Abstract

Asphalt concrete is a traditional material used for the constructions of upstream sealing of reservoir dams, particularly in upper reser-
voirs of pumped storage hydroelectric plants. The asphalt layer is often exposed to significant fluctuations of temperature caused, for
example, by heating the facing from the sun and by its subsequent rapid cooling by water during reservoir periodical filling. To better
understand the physical phenomena and behaviour of the facing in terms of vapour diffusion, the state of stress, etc., it is necessary to
know temperature phenomena in the asphalt facing. This paper describes the measurement of temperature in the asphalt facing of the
Dlouhe Strane pumped storage hydroelectric plant and its evaluation using 1D numerical model of heat flow in the asphalt concrete
facing. Numerical simulation for selected load scenarios enabled the temperature phenomena that take place in the construction of
the asphalt-concrete facing to be quantified. The analysis shows that during insolation, the asphalt facing is exposed to the significant
temperature rise on its surface and also over its whole thickness. Similarly during frost weather the facing becomes frozen in its entire
thickness. During the day cycle the temperature in the asphalt layers changes significantly. However, the temperature in the underlying
rockfill dam body becomes steady approximately at the depth of 1.0 m.
� 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The asphalt-concrete (AC) facing is one of the most used
types of the upstream sealing of embankment dams. The
AC facing is, especially in case of pumped storage hydro-
electric plants (PSHEP), often extremely loaded with signif-
icant temperature fluctuations, which are caused by the
fluctuation of water level in the reservoir, by direct sun
exposure, by frost in the winter season and by other factors
(the velocity and direction of wind, precipitation). For
instance, in the summer, the dark surface of the AC facing
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is heated during a day to a relatively high temperature
exceeding even 60 �C. Such a heated facing can then be
rapidly cooled by relatively cold water when the reservoir
is filled during the pumping regime of the PSHEP. During
the winter months, the surface of AC facing is heated dur-
ing a day in the sunny days and then exposed to negative
temperatures at night. The step changes in the temperature
of the facing influence the constructional-physical phenom-
ena (diffusion of water vapours, water freezing inside the
facing, the thermal state of stress and strain), which can
have a partial effect on the gradual degradation of the fac-
ing and its subsequent failure. For this reason it is desirable
to monitor and evaluate the course of temperature in the
AC facing.

In the Czech Republic (CR), the design, construction and
testing of the upstreamAC facing of embankment dams was
hosting by Elsevier B.V.
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governed by a standard CNS 736852 [1], which was replaced
in 2010 by a standardCNS752020 [2]. The issue ofAC facing
sealing and their temperature load is systematically dealt
with by technical commissions which in 1999 prepared
Bulletin 114 [3] of the International Commission on Large
Dams (ICOLD), which, among others, also gives opera-
tional problems with AC facings. Schonian’s manual [4] is
comprehensively concerned with the issue of AC facings of
dams. A summarised basis for the design, construction,
operation and repairs of AC facings of hydro-technical
structures is a German guideline [5] from the year 2008
and a later Austrian methodology [6] from the year 2013,
which describe the principles of design and laying ofAC seal-
ing with a presentation of examples of construction of AC
facings on specific hydro-engineering structures.

Determining and modelling the temperature of the AC
facing is dealt by the study of Djemili and Chiblak [7],
which is concerned with factors that are involved in the
changes of temperature of the facing surface. The authors
give the thermal properties of each layer of the facing such
as the thermal conductivity k, the specific thermal capacity
c and the bulk density q. The available literature shows
that the temperature of the facing is affected by sun expo-
sure (depending on the material and colour of the surface,
the sunlight is reflected or absorbed), the air temperature,
the position of water level in the reservoir and the water
temperature, the velocity and direction of wind, and
precipitation.

This paper describes an analysis of the temperature mea-
surement in the AC facing on the upper reservoir of the
Dlouhe Strane PSHEP. A part of the analysis is a heat flow
modelling through the facing, using the data obtained from
the measurement made by the dam safety supervision
(DSS). These data were used for the calibration of thermal
characteristics of the materials of the facing.

2. A description of the Dlouhe Strane dam and reservoirs

The Dlouhe Strane scheme is located in the CR, in the
Olomouc Region, on the territory Loucna nad Desnou.
The site has a high-mountain character and is located in
the forested central part of the Jesenik Mountains. This
hydro-structure consists of two reservoirs – the lower and
the upper one. The analysis of temperatures was carried
out for the facing of the upper reservoir (Fig. 1).

The upper reservoir (Fig. 2) is sealed using an upstream
AC facing. Its composition is shown in Fig. 3. The facing
consists of a 2 mm thick seal coat (mastic), an 80 mm thick
layer made of dense asphalt concrete with porosity up to
3% (VABH according to CNS 73 6852 [1]), penetrated by a
polymer-modified adhesive, an about 70 mm thick layer
of porous asphalt concrete with porosity between 6%
and 15% (VABM according to CNS 73 6852 [1]), a
200–250 mm thick base layer beneath the AC facing of
aggregate of a 16/90 mm fraction, and a 600 mm thick
transitional layer of aggregate of a 0/250 mm fraction on
the slope. Beneath the transitional layer, there is the body
of the rock-fill dam of aggregate of a 0/400 mm fraction.
Here the first number denotes the grain size corresponding
to 15% passing and the second one denotes 90% passing
particles by weight. In compliance with the original docu-
mentation, the layers of the AC facing are designated further
in the text as VABH and VABM.

3. Measurement of temperatures and related variables

On the Dlouhe Strane PSHEP, within its operation and
dam safety supervision, a set of measurements is carried
out, which contains both independent and operating vari-
ables and measurement of the response of the structure
(seepage and displacements). Most of the measurements
are carried out continuously and some of them manually
at irregular intervals. The measurements required for the
evaluation of the temperature of the AC facing on the
upper reservoir are given below.

The temperature of the AC facing is continuously mea-
sured by twelve sensors placed inside the facing in the zone
of the most frequent fluctuation of water level, where the
largest differences in temperatures and the thermal stress
of the facing are assumed. The sensors are placed always
in three pieces in four places (Fig. 3); the TH sensors about
90 mm beneath the facing surface and the TP sensors about
170 mm beneath the facing surface. The temperature of the
facing surface is measured manually at intervals connected
to the patrols of dam supervisors. Manual measurement is
carried out using a contactless thermometer. The results of
manual measurements are influenced by a number of
factors such as the velocity of wind and sun exposure.

The temperature of water in the upper reservoir is not
monitored continuously. The temperature of water in the
reservoir can be derived from the temperature measured
continuously on the turbine sets.

The temperature of air is measured continuously using
two sensors, namely in a gauging station on the dam crest
and on the northern wall of the entry into the object of
quick closing valves at a distance of about 140 m from
the gauging station. The temperatures of air measured in
both the places differ by 1.4 �C on average, and by up to
28 �C at maximum. This difference is probably caused by
the different position of sensors. At the entry into the object
of quick closing valves, the sensor is more protected from
the direct effect of weather and is located about 40 m below
the dam crest. For the evaluation of the temperature
regimes, the measurement of air temperatures in the gaug-
ing station on the dam crest was used because it is located
closer to the place of measurement of the temperature of
the AC facing by sensors.

The reservoir water level, precipitation and the velocity
and direction of wind are measured continuously in the
gauging station on the dam crest close to the place of
temperature measurement.

Sun exposure on the upper reservoir is not monitored.
Not all required measurements are continuous and they

do not cover the whole period of the scheme operation.



Fig. 1. View of the upper reservoir of the Dlouhe Strane PSHEP.

Fig. 2. View of the upper reservoir of the Dlouhe Strane scheme.
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Measurements on some sensors were repeatedly inter-
rupted by outages. The temperature scenarios focused on
temperature extremes during the summer and winter
seasons were selected from available data for further
analyses.

The temperature of the facing surface is influenced by a
number of factors such as heat transfer, radiation,
precipitation, wind velocity and direction, air temperature,
etc. The effect of the individual factors on the facing
temperature can be only hardly quantified. Therefore, in
further analyses there was an effort to determine directly
the temperature on the surface of the AC facing using a
continuous measurements of temperature inside the facing
and casual manual measurements on its surface.



Fig. 3. Diagram of the AC facing and the location of sensors for temperature measurement.
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4. Mathematical formulation of the problem

In order to understand temperature phenomena that
take place in the AC facing, it is necessary to know the tem-
perature distribution from the facing surface towards the
body of the dam. The investigation of the temperature field
was determined numerically using a heat flow model.

It is assumed that heat flow takes place particularly in
the direction perpendicular to the layers of the AC facing
due to the gradient of temperature inside and outside the
AC construction. Therefore, a one-dimensional model of
heat flow is chosen for description. The individual layers
of the AC facing are considered as homogeneous with con-
stant material characteristics. The arrangement of the lay-
ers and the shape of a domain are in Fig. 4.

The equation of heat flow was used for solution in the
form recommended e.g. by Valchářová [9]:

@
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@z

� �
¼ cq

@T
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; ð1Þ

whereT is the temperature, k is the thermal conductivity, c is
the specific thermal capacity, q is the bulk density of the
materials, z is the distancemeasuredperpendicular to the fac-
ing surface towards the dam body (Fig. 4) and t is the time.

The boundary conditions for the individual parts of the
boundary C are as follows:

� On the surface (C1), a Dirichlet condition is introduced,
representing a known temperature
T ðz ¼ 0; tÞ=C1 ¼ T ðtÞ: ð2Þ
The temperature on the surface was derived from con-
tinuously measured temperatures inside the facing and data
from the manual measurements on the facing surface, see
Section 5.

� Inside the dam l = 1 m beneath the surface on the
boundary C2, a Neumann condition was introduced,
representing zero heat flow

@T ðz ¼ l; tÞ
@z

¼ 0: ð3Þ
This assumption well reflects the conditions in the dam
body. The analysis was carried out by systematic introduc-
ing the condition (3) at difference distances from the sur-
face of the facing while the effect on temperature
distribution was assessed. Only minor effect on the temper-
ature field and only insignificant heat flow was observed
1 m beneath the facing surface.

The initial condition was steady heat flow from the fac-
ing surface C1 towards the dam body (C2):

T ðz; 0Þ ¼ T oðzÞ: ð4Þ
The length of simulation was chosen sufficiently long so

that possible inaccurate estimate of the initial condition on
the results of solution could be practically eliminated.

An explicit finite difference scheme was used for the
numerical solution (Vitásek [8]).



Fig. 4. Scheme of a heat flow domain.
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5. Input data and calibration of a model

The boundary condition (2) on the facing surface is con-
sidered as a ‘‘known” temperature. As mentioned in the
Section 3 the surface temperature of the facing has been
measured manually at irregular time intervals. To obtain
continuous surface temperature course the regression anal-
ysis was carried out between observed surface and subsur-
face temperatures. For this purpose the period of 42 h was
chosen when fulfilling following assumptions:

– the sun light has the dominant effect on the facing
temperature,

– the effect of wind is negligible,
– the minimum temperature of the facing corresponds to
the air temperature.

The following equation was proposed for estimating the
continuous temperature of the facing:

T pl ¼ maxðT vz; TH2þ DT Þ; ð5Þ

DT ¼ 3:4þ 11:4 � cos 2p
24

ðt � 13Þ
� �

: ð6Þ

Tpl is the facing surface temperature, Tvz is the measured
air temperature, TH2 is the temperature measured beneath
the VABH layer (sensor TH), DT is the temperature incre-
ment, t is the time in hours. The course of temperature on
the facing surface for the calibration scenario is shown in
Fig. 5.

The determination of material characteristics is generally
difficult because the thermal properties of asphalt-concrete
mixes depend on their composition and on the quality of
components, their relationship to temperature can also be
expected. For the model of heat flow, the values for thermal
conductivity (k), specific heat capacity (c) and bulk density
(q) were preliminarily chosen according to Djemili and Chi-
blak [7]. As materials of individual layers (Fig. 4) were mod-
elled as homogeneous, it was possible to aggregate material
properties in the Eq. (1) into the single parameter k/(cq)
called thermal diffusivity [9]. The main aim of aggregation
was to obtain a single parameter for the model calibration.

Thematerial properties were verified by the calibration of
the model, using the measured values of temperatures on the
facing surface is on sensors TP and TH beneath the facing
surface. Firstly the sensitivity of the temperature profile on
the aggregated parameter k/(cq) was examined. It was found
that by increasing the parameter value the more rapid heat
flow and temperature changes into the layers were obtained.
At known bulk density this was given either by increasing
thermal conductivity k or/and by decreasing specific heat
capacity c which represents the accumulation ability of the
material. The bigger influence on temperature changes
occured in case of decreasing the parameter which resulted
in only limited heat flow at upper layers of the facing.

The calibration scenario was based on a situation in
which the temperature of water did not influence the temper-
ature of the facing surface; it corresponded to a period of 17–
18 June 2013 when the water level in the reservoir was below
the level of the temperature sensors, and no precipitation
was recorded at the site. The results of the calibration of
the model are given in Fig. 5. The figure shows that accept-
able agreement was achieved between the measured and
the calculated temperatures, particularly between the facing
surface and sensors TH beneath the VABH layer. Certain
differences can be related to an uncertainty in the placement
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of the sensors and arising from the interpretation of temper-
atures beneath the VABM layer, to an inaccuracy inmeasur-
ing temperatures by the sensors and also to the temporal–
spatial discretisation errors of the numerical model. The
model calibration proved relatively good agreement with
the values of thermal diffusivity published by Djemili and
Chiblak [7] as can be seen from Table 1.

A temperature profile was determined along the depth
beneath the surface of the AC facing for the individual
times in the calibration (Fig. 6). It is evident that the tem-
perature becomes steady at a depth of about 0.85 m
beneath the facing surface during the daytime fluctuation.

6. The results of simulations of selected scenarios during the

operation of the dam

Two typical scenarios were selected for simulations
proper:

– a period from 15 June 2013 to 18 June 2013 – ‘‘summer”
scenario,

– a period from 3 January 2009 to 6 January 2009 – ‘‘win-
ter” scenario.

The summer scenario describes a situation in which the
AC facing is heated during the day and then rapidly cooled
by the water in the reservoir. The winter scenario
Fig. 5. Results of m

Table 1
Properties used in the modelling of heat flow.

Layer Thickness d Thermal conductivity
k according to [7]

Specific hea
c according

[mm] [W/m/K] [J/kg/K]

VABH 80 1.17 930
VABM 70 1.27 942
Base layer 250 2.49 1.200
Levelling layer 600 2.0 1.200

* The estimate based on information about grain size distribution.
characterises a situation in which the facing is freezing
when the water level in the reservoir is dropping, and it is
warming when the water level is rising again. The solution
includes a period of 60 h in both scenarios.

The summer scenario is based on the calibration statewith
the boundary condition so that a rapid cooling of the heated
AC facing by the rising water level in the reservoir can be
taken into consideration. The results have qualitatively con-
firmed the fact that during intense insolation the facing is
strongly heated in its entire thickness down to the base layer.
The time course of temperatures on the facing surface and in
the place of the sensors is depicted in Fig. 7. The ‘‘TH2” and
‘‘TP1” show the calculated temperatures at the depth at
which the sensors for temperature measurement are placed.
At the time of 40–56 h, the cooling of the facing by the water
in the reservoir is evident, as well as thermal shock to which
the facing surface is exposed. The temperature inside the AC
facing is relatively rapidly decreasing down to about 15 �C.
During the day cycle, the temperature in the dam becomes
steady to a value of about 22 �C roughly at a depth of
0.85 m (Fig. 8).

The winter scenario explains conditions in the AC facing
in the winter season with negative temperatures. The solu-
tion was made for a cycle of frost days in combination with
the beginning of water level rise in the reservoir. In this
scenario, the water in the reservoir has a temperature of
1.0–1.4 �C, the temperature of air ranges between �12.9 �
odel calibration.

t capacity
to [7]

Bulk density q k
cq according to [7] k

cq calibrated

[kg/m3] [m2/s] [m2/s]

2.409 5.22�10�7 6.25�10�7

2.154 6.26�10�7 8.87�10�7

1.960 1.06�10�6 1.06�10�6

1.960* 0.85�10�6 1.06�10�6



Fig. 6. Temperatures along depth of facing in calibration scenario (0 m corresponds to the surface of the AC facing).

Fig. 7. Time course of temperatures in AC facing in summer season.

Fig. 8. Course of temperatures along d
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C and 0 �C, the temperature of the facing surface is
between �11.0 �C and 1.4 �C. The time course of tempera-
tures in the AC facing is given in Fig. 9.

The results of calculations show that the AC facing
becomes frozen in its entire thickness. The temperature at
a depth of 1 m beneath the facing surface steadied between
1 �C and 3 �C (Fig. 10). Fig. 9 shows that when the water
level in the reservoir rises for a short time in the period
between the 29th and the 30th hour (until the duration of
about 6 h), the temperature of the VABM layer does not
rise to 0 �C. The temperature of the facing can increase
above 0 �C after the surface is flooded for a period of about
10 h. When there is frost for a period of 18 h (between the
filling regimes), it can be expected that the construction of
the AC facing freezes to a depth of about 0.75 m (Fig. 10).
epth of facing in summer scenario.



Fig. 9. Course of temperatures in the AC facing in the winter season.

Fig. 10. Course of temperatures along the depth of the facing in the winter scenario.
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If the water level is lowered for a longer time, the depth of
freezing would probably be greater.

7. Conclusion

In the paper an analysis of the temperature profile in the
AC facing of the upper reservoir of the Dlouhe Strane
PSHEP was carried out. In the analysis numerical model
of heat flow in the asphalt concrete facing was calibrated
using observed temperatures and applied for numerical
simulations of two scenarios representing typical summer
and winter conditions.

The thermal analysis of the facing has shown that the
facing is exposed to the significant fluctuation of tempera-
tures and their relatively sudden changes practically all
over its thickness. This negatively influences constructional
physical phenomena such as diffusion of water vapours,
capillary features, the formation of ice crystals in the cavi-
ties of the AC facing and other phenomena affecting the
service life of the structure.
It was found that within the day cycle, the temperature
in the rockfill dam body becomes steady roughly at a
depth of 1.0 m with a fluctuation of about ±1.5 �C
depending on the daily temperature changes. An impor-
tant finding is that during winter period the temperature
in base and transitional layers may reach negative values.
From the technical view this may influence drainage
capacity of these layers. The monitoring of the tempera-
tures, therefore, is useful and it is appropriate to carry
it out continuously both inside the facing and on its sur-
face as well.

The relationship between the model parameters q, c, k
and temperature should not be omitted. In relation to the
lack of information on the properties of the AC facing, a
simplified assumption was adopted that the parameters of
the model are temperature-independent for the given mate-
rial. As a relatively good agreement with the values of ther-
mal diffusivity published in available literature was reached
(Table 1), these values may be used in similar studies of
asphalt concrete facing.
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