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Simulation of concrete ageing on dams as 
illustrated by numerical analysis of Jablanica HPP

Subject review

Goran Šunjić, Maja Prskalo, Zoran Milašinović, Alen Harapin

Simulation of concrete ageing on dams as illustrated by numerical analysis 
of Jablanica HPP

The paper presents a model for numerical simulation of interaction between the fluid 
and the reinforced-concrete structure under seismic load for spatial 3D problems, with 
an emphasis of concrete dams. The model is based on the so called partition scheme 
for coupled (multi-field) problems. The model especially focuses on the concrete ageing 
effects, which has proven to be highly significant in the analysis of older structures. The 
paper starts with a brief description of the numerical model, which is followed by a more 
detailed description of the concrete ageing model, and by analysis of Jablanica hydropower 
plant (HPP) on which the validity of the model and related software was checked.
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Pregledni rad

Goran Šunjić, Maja Prskalo, Zoran Milašinović, Alen Harapin

Simulacija starenja betona brana na primjeru numeričke analize brane HE 
Jablanica

Rad prikazuje model za numeričku simulaciju međudjelovanja tekućine i armiranobetonske 
konstrukcije pod seizmičkim opterećenjem za prostorne 3D probleme, posebice betonske 
brane. Model je zasnovan na tzv. shemi odvojenih rješenja za probleme vezanih (višepoljnih) 
zadaća. Model posebice uključuje efekte starenja betona što se pokazalo vrlo bitnim kod 
analize starijih građevina. Prvo je vrlo kratko dan opis numeričkog modela, a zatim je 
detaljnije opisan model starenja betona i analiza brane HE Jablanica na kojoj je testirana 
valjanost modela i razvijenog softvera.

Ključne riječi:

betonska gravitacijska brana, numerički model, međudjelovanje tekućina-konstrukcija, proračun na potres, 

starenje betona

Übersichtsarbeit

Goran Šunjić, Maja Prskalo, Zoran Milašinović, Alen Harapin
Simulation der Alterung von Betonstaudämmen am Beispiel der numerischen 
Analyse des Staudamms des Wasserkraftwerks Jablanica
Die Arbeit zeigt ein Modell zur numerischen Simulation der Wechselwirkung von flüssigen 
und bewehrten Betonstrukturen unter seismischer Belastung für räumliche 3D-Probleme, 
insbesondere für Betonstaudämme. Das Modell basiert auf dem sog. Schema separater 
Lösungen für Probleme im Zusammenhang mit (mehrfeldigen) Aufgaben. Das Modell 
berücksichtigt insbesondere die Auswirkungen der Alterung von Beton, die sich bei der Analyse 
älterer Gebäude als sehr wichtig erwiesen hat. Zunächst werden eine sehr kurze  Beschreibung 
des numerischen Modells gegeben, gefolgt von einer detaillierteren Beschreibung des 
Alterungsmodells des Betons und der Analyse des Staudamms des Wasserkraftwerks 
Jablanica, bei der die Gültigkeit des Modells und der entwickelten Software getestet wurde.

Schlüsselwörter:
Schwerkraftdamm aus Beton, numerisches Modell, Wechselwirkung Flüssigkeit-Struktur, Erdbebenberechnung, Betonalterung



Građevinar 9/2019

750 GRAĐEVINAR 71 (2019) 9, 749-767

Goran Šunjić, Maja Prskalo, Zoran Milašinović, Alen Harapin

1. Introduction

Water engineering structures called dams are built over river valleys 
or riverbeds to make use of the water mass [1]. By creating an 
artificial water-storage reservoir or lake, or by temporary retention 
of water, attempts are made to fulfil the basic purposes of dams: 
regulation of water flow, water supply, irrigation, generation of 
electricity, navigation, recreation, etc.
Arch gravity dams [1], such as the dam of the Jablanica hydropower 
plant, are dams with the base ratio of (0.33 - 0.65) H, where H 
stands for dam height. Due to considerable thickness of these 
dams, a greater part of the load is transferred onto the bottom of 
the valley, while a smaller part is transferred to abutments [1]. 
During design and construction of first concrete dams, a relatively 
small attention was paid to the material itself and to its behaviour 
over time, although even then the engineers were aware of the 
downsides of such approach. Papers published by Abrams [2] in 
1918 about concrete mix design formulas and water-cement 
ratios, and advances in 1920s leading to better understanding 
of the cement hydration process, have resulted in an increased 
care about the material and its behaviour, namely in response to 
formation of unwanted cracks that expedite and accelerate dam 
degradation processes.
The design and construction of Hoover dam (then the largest dam 
in the world) in the 1930s, with enormous quantities of concrete, 
has led to considerable advances in the concrete mix design, 
transport, placement, and cooling of placed concrete. 
The influence of water-storage reservoir must be taken into account 
in dam analysis. In the beginning of analyse, the influence of storage 
reservoir was considered as hydrostatic load only. However, dams 
were then massive earthfill structures, with mass often by far 
exceeding structural requirements. The period of second industrial 
revolution, marked by an extensive dam construction spree, was 
also the period of great scientific discoveries.
The first strictly scientific analysis of the dam-storage system 
behaviour was made by Harold Malcolm Westergaard [3] in1933. 
In his now already legendary paper, he assumed an infinitely long 
reservoir and a non-compressible liquid, and proposed an analytic 
expression for the distribution of hydrodynamic pressures exerted 
on the rigid dam, with regard to horizontal harmonic oscillations. 
This expression, with some minor modifications, has been used to 
this day.
The study of fluid-structure interaction (FSI) received a special 
impetus in the 1960s and 1970s, when many researchers focused 
their studies on this issue.
Over the past three decades, the FSI research has been developing 
in two directions: the one with a greater emphasis on description 
of the fluid through development of meshfree methods, where the 
SPH (Smoothed Particle Hydrodynamics) being the best known, and 
the other with a greater emphasis on description of the structure.
Both of these research alternatives have resulted in a very good 
description of the problems causing great distortion of grid during 
simulation, which is very favourable for the fluid flow problems. In 
addition to the study of fluids, very good results have been achieved 

in simulation of various problems of plastic flow of materials in 
continuum mechanics. However, some accompanying problems have 
also occurred, the greatest of them being the need to use powerful 
computers and a very long time needed to perform calculations.
For tackling real problems, such as those involving analysis of gravity 
dams with water storage reservoirs, engineers use “older methods” 
based on Euler’s description of the motion of fluids, where fluid is 
considered based on the volume it occupies, without considering 
behaviour of individual particles. There are two reasons behind the 
use of these methods. The first one is that we are generally not 
interested in fluid behaviour during dam analysis, except for the 
effects of fluids on the structure, and these can be calculated with 
sufficient accuracy using much simpler methods. The second reason 
is that a very dense particle grid would be needed to describe local 
effects of fluid, such as sloshing, waves, etc., which would greatly 
increase the cost and time of calculation, while total effects exerted 
on the dam would be small. This is why models based on Euler’s 
approach are still being intensively developed.
A number of papers have been published in this area over the past 
decade: a numerical model of boundary and finite elements has 
been developed for the analysis of dam-water storage systems 
[4], the so called endurance time (ET) method for seismic analysis 
of concrete gravity dams is being intensively studied [5], seismic 
behaviour of arch dams is studied with regard to water storage 
topology [6], etc.

2. Brief presentation of numerical model

As already emphasized, numerical model for real simulation 
of the structure in direct contact with the fluid must include 
simulation of interaction between the fluid and the structure, if 
their real response is to be obtained. This problem is especially 
pronounced in dynamic/seismic loading, and can usually be 
found in literature under the name of “coupled problem” or 
“multi field” problem.
The coupled problem involves two or more fields that either 
touch or pervade one another, such as the dam with a water 
storage reservoir. The fields are usually time dependent. The 
state of one field is continuous bind with the state of another 
field, and so none of them should be considered separately. 
The link is established through the equations of state, which 
describe specific physical phenomena. 
There are two basic approaches to the resolution (simulation) of 
coupled problems, i.e. to the solution of problems involving the 
fluid-structure interaction:

 - Monolithic approach: requires development of a 
mathematical model for each physical problem separately 
and, at that, equations describing the state of pressures in 
fluid and structure displacements are solved using a unique 
model/solver;

 - Partitioned approach: enables modularity of the model and, 
at that, equations describing the state of pressures in fluid 
and structure displacements are solved separately, and are 
linked via interaction limit.
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The model and calculation software developed for numerical 
modelling of the fluid-structure interaction problem is briefly 
described below. It is based on the partitioned approach, with 
the interaction force transfer in each problem-solving phase. 
It is favourable for problems in which the fluid has limited 
displacements, such as those of the dam and water storage 
behaviour under seismic load.
The developed model and software is based on the finite 
element method (FEM) for space discretisation, and on the 
finite difference method (FDM) for time discretisation of the 
system [7-11]. The displacement formulation was used for the 
structure and soil, while the displacement potential formulation 
was used for the fluid [9-11]. The nonlinear structural analysis 
model used is presented in [12-14], while the eigen problem 
calculation model is presented in [10].

2.1. Numerical models

Fluid is a substance (liquid or gas) that is continuously deformed 
under the influence of external forces. Fluid can be viscous with 
friction between particles, or inviscid without friction. Each real 
fluid has some amount of viscosity, but this viscosity can often 
be neglected. In this paper, the fluid (water) is considered to be 
inviscid, and the so called Euler formulation is used [9-11].
If the structure and fluid are discretised by the finite element 
network and if appropriate basic functions are selected for 
displacement potential in the fluid NΨ and for structural 
displacements Nu, using the standard Galerkin formulation:

 (1)

where Ψ is the potential of displacement of nodes of the finite 
element network of the fluid, u are displacements of nodes of 
the finite element network of the structure, then the differential 
equation of dynamic equilibrium of the system is obtained: 

 (2)

where: Mf is the fluid mass matrix; Cf is the radiation damping 
matrix; Kf is the fluid stiffness matrix; ff is the vector of external 
node forces; Qt is the matrix of interaction of the fluid-structure 
system; ψ is the displacement potential vector; rf is the fluid 
density; u is the relative vector of displacement of movable limit 
as related to the base, and d is the base displacement vector.
In explicit form, matrices frm equation (1) can be expressed as 
follows:

 (3)

where: Vf is the domain (volume) of the fluid; Wr is the surface/
limit of radiation; Wf is the surface/boundary of free face of the 
fluid; Wr is the surface/bundary of interaction, i.e. the contact 
surface between the fluid and the structure. 
When solving the fluid-structure interaction problem, nonlinearities 
are usually related to behaviour of the structure, and the fluid is 
considered to be linear, which implies unlimited negative pressures 
in the fluid. In reality, air bubbles are formed if the absolute 
pressure in an area falls below the fluid vapour pressure. This 
phenomenon is known as cavitation, and it can cause considerable 
damage to the structure. A simple fluid behaviour model based on 
the bilinear relationship between the pressure and mass dilatation 
is presented in Figure 1 [9, 10]. Therefore, cavitation occurs if the 
following expression is satisfied:

 (4)

where: 
s  - he mass dilatation
ph  - the hydrostatic pressure
pa  - the atmospheric pressure
pv  - the evaporation pressure and c is the speed of sound in the fluid.

Figure 1.  Relationship between mass dilatation and hydrodynamic 
pressure in the fluid

2.2. Numerical model for structure

By spatial discretisation of the structure and by using the 
FEM, the equation of dynamic equilibrium with unknown node 
displacements u can be written in the known matrix form [7-10]:

 (5)
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where: Ms is the structural mass matrix; Cs is the structural 
damping matrix; Ks is the structural stiffness matrix; fs is the 
vector of external node forces. These matrices and vectors are 
defined by the expressions:

 (6)

In equations (6) Ni are the base (shape) functions, and B is the 
displacement strain relationship matrix [8, 14].
For real structures, the displacement strain relationship matrixis 
generally nonlinear, i.e.:

e = Bu B = B(u) (7)

which represents the so called geometric nonlinearity. In fact, 
matrix B depends on system displacements, i.e. it is not linear. 
The relationship e-u is also known as the geometry model.
The stress strain relationship s-e is also generally nonlinear and 
represents the so called material nonlinearity. The relationship 
s-e can also be written as follows:

s = De D = D(u) (8)

where D is the matrix of the stress-strain relationship and, in 
case of an elastic material, it represents a well known elastic 
constant matrix [8, 14]. The relationship s-e is known as the 
constitutive law or material model.
Material behaviour simulation, especially simulation of elastic-
brittle materials such as concrete, in the state of full spatial 
stress, has not as yet been sufficiently mathematically defined. 
The situation is further complicated if the model is extended 
by adding additional effects of material behaviour such as: 
shrinkage, temperature deformations, creep, ageing, etc.

2.3. Numerical 3D model of concrete behaviour

A simple model, based on a small number of easily measurable 
physical parameters, previously developed at the Faculty of 
Civil Engineering, Architecture and Geodesy of the University 
of Split, is presented in this paper [12-14]. The model can be 
used to describe all dominant nonlinearities in the behaviour 
of reinforced concrete: flow in compression, opening and 
propagation of cracks in tension, and nonlinear behaviour of 
reinforcement: softening at yield stress. 
The numerical model of concrete is described by the elastoplastic 
model of material based on the Mohr-Coulomb criterion of 
compression dominant behaviour and Rankin criterion of tension 
dominant behaviour. The model relies on basic material parameters: 
uniaxial compressive and tensile strength, elastic modulus and 

Poisson ratio, and it can be represented as a multi-surface surface 
(Figure 2). The implementation of multi-surface flow surface, for 
dominant compression, requires separate calculation of stiffness 
matrix for each sextant but, on the other hand, it enables rapid 
convergence of the mathematical procedure. 
In case of dominant compression, a new flow surface is 
calculated after liquid limit is exceeded, and the material matrix 
D is corrected. The procedure is repeated with new material 
matrix until the convergence is achieved.

Figure 2.  Three-axial presentation of the combined Mohr-
Coulomb and Rankine material-behaviour model  
[12, 14]

The traditional Rankine model is used for modelling concrete 
in tension. In tension, each direction of tension is considered 
separately. Concrete remains homogeneous and linearly elastic 
until the tensile strength of ft’ is achieved. The first crack occurs 
perpendicular to the direction of main stress, and the stiffness 
reduces, at the moment in which the tensile strength is exceeded. 
The change in stiffness of uncracked concrete between cracks 
(Gauss points) is simulated by gradual reduction of the tensile 
stress component perpendicular to crack surface (Figure 3).

Figure 3. Concrete behaviour in tension

Even after occurrence of cracks, concrete is considered as a 
continuum with reduced stiffness. The fixed orthogonal smeared 
cracks model is used for the occurrence and development 
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of cracks. According to this model, it is assumed that - after 
occurrence of the first crack - the crack position and direction 
do not change with the change of load. New cracks may occur 
only perpendicular to their direction.
After occurrence of cracks, concrete becomes anisotropic, and 
crack directions define main axes of anisotropy. Cracks can 
be opened and closed during dynamic/variable application or 
relaxation of load, which can also be monitored by the model. 
Possible crack occurrence and development patterns are 
presented in Figure 4.

Figure 4.  Schematic view of possible crack occurrence and 
development patterns

2.4. Numerical interaction model

Numerical model for the fluid-structure interaction problem is 
based on the so called partitioned solution approach. The term 
“structure” implies the structure itself and the surrounding soil. 
This model can be described with two second-order differential 
equations [9-11]. If displacement potential is selected as 
unknown for the fluid, and if displacements in nodes are selected 
as unknowns for the structure, then these two equilibrium 
equations can be written as follows:

 (9)

where

  (10)

of the matrix Q, which is the matrix of interaction between the 
fluid and the structure (Figure 5), and is obtained by integration 
via interaction surface in the direction normal to the surface (n



).

 (11)

Figure 5. Fluid and structure interaction surface

According to the partitioned approach, each field is solved 
separately in each increment of the given load and in each 
iteration, including interaction forces (11) at the fluid and 
structure contact surface. The corresponding flow chart is given 
in Figure 6. The standard predictor-corrector procedure is used 
in this paper for finding solutions.

Figure 6.  Flow chart with solution to the fluid and structure interaction 
problem 

3. Modelling concrete ageing on dams

3.1.  Causes of change in concrete properties over time

Changes of properties of concrete in contact with fluid occur for 
two main reasons: 
 - concrete hardens and its structure changes (hydration 

process still goes on);
 - other chemical processes destroy (degrade) internal chemical 

structure of concrete and cause the so called degradation 
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(corrosion) of concrete. As a rule, this phenomenon occurs on 
the upstream side of the dam, while it is not so pronounced 
on the downstream side, at least not on the part that is not 
in contact with water.

Three basic types of concrete degradation in structures can 
generally be differentiated [15]: 
 - sulphate action (sulphate corrosion) which results in chemical 

and physical degradation of concrete, and is caused by water 
abounding in sulphates;

 - alkali-aggregate (alkali-silica) reaction which also results in 
chemical and physical degradation of concrete, and is caused 
by certain types of aggregate abounding in silicium. In 
combination with some substances from cement gel, the so 
called swelling silica gel is formed, which physically destroys 
the concrete.

 - degradation by freezing and thawing which is generally 
physical in nature, but it also alters material properties of 
concrete.

The fourth degradation mechanism is corrosion of reinforcing 
(structural) steel. This mechanism primarily affects the 
structures where reinforcement is essential for mechanical 
resistance and stability, but the structures themselves are not 
protected with a sufficient layer of concrete. In any case, when 
other degradation mechanisms initiate damage to protective 
layer, then reinforcement corrosion can pose a serious threat to 
mechanical resistance and stability of the structure.

3.2.  Change of material properties of concrete and 
dam safety

One of greatest challenges faced by engineers involves 
estimation of dam safety and its service life. This is especially 
difficult for the existing dams already affected by degradation of 
material, cracking and similar adverse phenomena, which point 
to the change in their bearing capacity. 
If the degradation process or the occurrence of cracks have 
been observed, then the probability of failure gradually 
increases and reaches the point in which the risk is no longer 
acceptable. If there is no degradation, the risk generally 
remains the same, i.e. the design risk is applicable. The risk can 
even slightly be reduced over time due to positive effects of 
concrete ageing (increase in compressive strength and elastic 
modulus). Of course, this statement is valid only for dams that 
are not exposed to some extraordinary events/effects, such as 
an earthquake action.
A good indication of real condition of dams can be obtained by 
their proper monitoring, especially with regard to changes in 
material properties of such structures. In addition, numerical 
models with optimally created finite element network, with 
good simulation of material properties, and with accurately set 
load parameters, may constitute a powerful tool for predicting 
future behaviour and safety level of dams.

3.3.  Results obtained by testing changes to concrete 
properties at US dams

The developed model, incorporated in a computer software, 
is based on investigations performed on the US dams by 
the US Department of the Interior, Bureau of Reclamation, 
Technical Service Center, Denver, Colorado, USA. These results 
are presented in [2, 16]. Although investigations presented 
in the above literature are more based on finding chemical 
composition of concrete, and not so much on establishing 
physicomechanical properties, they still ofer a good indication 
of change in concrete behaviour over time. These investigations 
were used in this paper as the basis for predicting time-related 
changes in compressive strength and elastic modulus.

3.4.  Development of compressive strength and 
elastic modulus of concrete over time

The compressive strength and elastic modulus of the concrete 
not degraded by corrosion, were determined experimentally in 
the study [3] for a number of dams (Figure 7). The procedure was 
conducted by in situ sampling, and by subsequent laboratory 
testing of these samples. Blue markers and blue line represent 
the trend line of compressive strength results, while rose markers 
and rose lines represent the trend line of elastic modulus results. 
The results obtained during this testing campaign agree quite 
well for all dams, except for the anomaly marked with a red 
circle, Figure 7. This anomaly was established at the East Park 
Dam that was built in 1910. The concrete originating from that 
period had a much greater water/cement ratio and, as expected, 
its strength is much lower compared to more recent dams.

Figure 7.  Development of compressive strength (blue line) and elastic 
modulus (rose line) for non-degraded concrete [17]; 1,0 lb/
in2 = 0,006895 N/mm2 (MPa); 1,0 MPa = 145,04 lb/in2

Out of a total of approximately 140 dams, three were greatly 
affected by concrete corrosion. Parker Dam (Figure 8), built in 
1937/1938 on the Colorado River about 250 km downstream 
of Hoover Dam, is one of the first dams in which considerable 
alkali-silicate corrosion of concrete was observed [18]. Seminoe 
Dam (Figure 8, North Platte River, Wyoming, USA), built in 
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1938, also suffered considerable degradation of concrete due 
to corrosion [19]. Perhaps the most extreme example is the 
American Falls Dam, built in 1927, which was degraded to such 
an extent that it had to be replaced in 1977.
The aggregate from the Colorado River, used in Hoover Dam 
construction, is essentially non-reactive, while the aggregate 
from the Bill Williams River, used in Parker Dam construction, 
is highly reactive. Comparison of test results clearly reveals 
that the concrete used in Parker Dam does not show properties 
similar to concrete used in Hoover Dam, although the same 
concrete mix and the same cement class IV was used for both 
dams. Concrete used at Parker Dam achieved only about 60% 
of the compressive strength and elastic modulus compared to 
concrete used at Hoover Dam, and the former concrete also 
exhibits a much smaller increase in strength over time.

Figure 9.  Comparison of compressive strength between nondegraded 
concrete (blue line) and corrosion-degraded concrete (red 
line) [17]; 1,0 lb/in2 = 0,006895 N/mm2 (MPa); 1,0 MPa = 
145,04 lb/in2

Development of compressive strength for concrete without 
corrosion and concrete affected by corrosion is shown in Figure 
9. It is interesting to note high compressive strength results 
that were obtained at Parker Dam 42 years (15330 days) after 
its construction, which can be attributed to samples taken from 
bottom parts of the dam (data in rose circle).

Four different types of cement were randomly used during 
construction of Parker Dam and, at that, one type of cement 
exhibited low alkalinity. High compressive strength results 
(ranging from 47.0 to 57.0 MPa) were probably obtained from 
samples taken from the zone in which this particular type of 
cement was placed. These results actually reveal the strength 
that the dam would have had, had this particular type of cement 
been used for the entire body of the dam. Some other samples 
exhibit much smaller strength values, which is probably due to 
the use of other types of cement. 
The relationship between compressive strength and elastic 
modulus of samples affected and unaffected by concrete 
corrosion is shown in Figure 10 for all tested samples. Although 
the coefficient of correlation is relatively weak, the trend curve 
clearly points to the difference between these two types of 
concrete. Individual comparisons (trend curves) of compressive 
strengths and elastic moduli are much more accurate when 
specific dams are considered (dams built with the same type 
of aggregate, dams with one or several types of cement, etc.). 
Trend curves can be a good indicator about whether a particular 
dam is affected by corrosion, how deep is the corrosion, and 
what are the consequences for dam safety.

Figure 10.  Relationship of compressive strength and elastic modulus 
for nondegraded concrete (rose markers and rose line) 
and corrosion-degraded concrete (blue markers and blue 
line) [17]; 1,0 lb/in2 = 0,006895 N/mm2 (MPa); 1,0 MPa = 
145,04 lb/in2

Figure 8. Parker Dam (left side)[3] and Seminoe Dam (right side) [31] present condition
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Compared to compressive strength, tensile strength is often a 
more critical item in structural analysis, especially in the case of 
dynamic (seismic) analyses. Tensile strength tests were initially 
often neglected, as it was considered that the tensile strength 
equals zero. The situation was similar for dams, and so the 
initial tensile strength is unknown for dams built prior to 1970s. 
Results of direct tensile strength testing by extension, DT (direct 
test), and results of tensile strength testing by sample splitting, 
ST (splitting test), are presented in Figure 11 for concrete 
without corrosion and concrete with corrosion. 

Figure 11.  Tensile strength of corrosion unaffected concrete (solid 
line) and corrosion-degraded concrete (dashed line) [17]; 
1,0 lb/in2 = 0,006895 N/mm2 (MPa); 1,0 MPa = 145,04 lb/
in2

Tensile strength values are presented as a mean value of results 
for each concrete mix. In each case it is visible that the tensile 
strength of samples affected by degradation ranges around 50% 
of the value of undisturbed samples in direct test (DT), while it 
amounts to approximately 60 % for splitting test (ST). It should 
also be noted that, in case of degraded concrete, this value can 
be measured on some samples only, i.e. there are sample on 
which it can not be measured at all.

3.5.  Proposal of curves showing trend of change of 
material properties of concrete over time

As can be seen in relevant studies [15-19] concrete properties 
change over time: compressive strength, tensile strength, 
and elastic modulus. These parameters obviously depend on 
the composition of concrete (concrete mix) and on chemical 
composition of water acting on the dam. The above facts must 
be taken into account in the analysis of dams, older dams in 
particular.
Based on the presented investigations, a trend of change of 
these properties over time is proposed.

3.5.1.  Trend of change of mechanical properties of 
concrete over time

Many authors have been studying the trend of change of 
mechanical properties of concrete over time. Their papers 
mostly focus on shrinkage and creep, as can be seen for instance 
in [20, 21].

In this paper, the deformation of concrete due to ageing is 
considered indirectly, i.e. the initial elastic modulus and concrete 
strength increase over time. In fact, current mechanical 
properties of concrete and the corresponding material “changed 
over time” (either strengthened or weakened) are taken into 
account when choosing the s−em relationship over a given period 
of time. The incorporation of concrete ageing for the uniaxial 
elastoplastic relationship s−em is schematically presented in 
Figure 12, where t is the current time, t0 is the initial time, fcm is 
the initial design compressive strength of concrete (usually at 
28 days), fctm is the initial design tensile strength of concrete, Ecm 
is the unique initial elastic modulus of concrete in compression 
and tension, ec,0 is the initial design crushing deformation of 
concrete in compression, and et,0 is the initial design crushing 
deformation of concrete in tension.

Figure 12.  Schematic view of introduction of concrete ageing for 
uniaxial elastoplastic relationship [22]

The increase in strength as a result of concrete ageing is 
considered in many relevant regulations and, in that respect, 
[23] the following expression is proposed by CEB:

 (12)

In the above expression and in Figure 12, fcm,t is the mean 
compressive strength of concrete over time t (in days), while s is 
the coefficient depending on the type of cement, and it amounts 
to: 0.30 for quick-setting high strength cement; 0.25 for normal 
and fast-setting cement; and 0.20 for slow-setting cement.
As shown in figures 13 and 14, these curves do not properly 
describe development of compressive strength over time. This is 
why the use was made in this paper of the previously presented 
results for the establishment of new curves showing relationship 
of compressive strength and elastic modulus of concrete over time.
Experimental results from Figure 7, describing changes 
of compressive strength of concrete over time were read, 
converted into MPa, and plotted as shown in Figure 13. It can 
be seen that the curve proposed in literature [23], i.e. curve (24) 
- green curve, does not fit in well with real experimental results, 
and that it underestimates increase in strength over time. That 
is why this curve was modified (Figure 13 - red curve) 
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 (13)

It can be seen that the modified curve (2) follows almost ideally 
the experiment. An increase in time exponent from -0.5 to -0.2 
enables faster increase of curve over time, and the empirical 
coefficient 1.28 enables better adjustment to real results.

Figure 13.  Comparison of experimental compressive strength results 
from [17], curve proposed in regulations [23] and curve 
proposed in [11]

Expression (2) is proposed for elastic modulus of concrete in 
time t, according to EC-2 [24]:

 uz  (14)

where Ecm,t denotes the mean value of the so called secant 
modulus of elasticity (GPa), while fck,t is the characteristic 
compressive strength of a cylinder (MPa) in time t.
Experimental results from Figure 8, describing change of elastic 
modulus of concrete over time were also read, converted 
into MPa, and plotted as shown in Figure 15 (blue curve). If 
presented results of compressive strength over time are used 
in the calculation of elastic modulus via equation (14), it can 
be seen that elastic modulus is also not well approximated by 
the proposed expression (green curve). That is why the curve 
of change of elastic modulus over time was also modified; it is 
proposed in the following form:

,  (15)

All these curves are presented in Figure 14. It can be seen 
that the proposed curve (4) is too low in the first days, but it 
increases over time and gets very close to the experiment. An 
increase in time exponent from -0.5 to -0.3 ) enables faster 
increase of curve over time, and the empirical coefficient 1.14 
enables better adjustment to real results. 
The coefficient “s” value was adopted as 0.25 in the calculation 
of compressive strength and elastic modulus, as proposed in 
literature [23].

Figure 14. C omparison of elastic modulus experimental results 
from [17], curve proposed in regulations [23] and curve 
proposed in paper [11]

3.5.2.  Trend of change of mechanical properties of 
degraded corrosion-affected concrete over time

Compressive strength results for concrete not affected by 
corrosion and concrete affected by corrosion are shown in Figure 
9. Experimental results from that figure were read, converted 
into MPa and plotted as shown in Figure 15. Experimental 
results for nondegraded concrete and corrosion-degraded 
concrete are compared in this figure.
The curve of degraded concrete has the form similar to that of 
nondegraded concrete. This curve has the following form where 
coefficient “s” amounts to 0.55.

 (16)

It can be seen that this curve, although initially “slightly displaced”, 
later on follows the experiment quite closely. As in curve presented 
in expression (2), an increase in time exponent from -0.5 to -0.17 
enables faster increase of curve over time, and the empirical 
coefficient 1.14 enables better adjustment to real results.

Figure 15.  Comparison of experimental compressive strength 
results for nondegraded concrete and corrosion-degraded 
concrete [17] and curves proposed in[11]
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Experimentally determined change in tensile strength of 
concrete over time is shown in Figure 11. As in the case of 
compressive strength, experimental results from that figure 
were read, converted into MPa and plotted as shown in Figure 
16, where experimental compressive strength results for 
undegraded concrete and corrosion-degraded concrete are 
compared. Results obtained by splitting test (ST) were used as 
reference tensile strength. Expression (17) is proposed for the 
mean tensile strength of concrete, according to [24]:

 (17)

Straight lines were chosen for interpolation curves as the trend 
of change in tensile strength is almost linear. The following 
expression is proposed for interpolation of nondegraded concrete:

 (18)

while the following expression is proposed for interpolation of 
degraded concrete

 (19)

where t is the time in days and a is the coefficient of concrete 
degradation, which was adopted as 0.6 in the above expression, 
as approximately proposed in [17].

Figure 16.  Comparison of experimental tensile strength results for 
nondegraded concrete and corrosion-degraded concrete 
[17] and curves proposed in [11]

The expressions deduced have been incorporated in the 
developed program, and are used as basis for determining 
compressive strength, tensile strength and elastic modulus, for 
a predefined number of days. 

4. Example: Jablanica Dam

The dam of the Jablanica Hydropower Plant was analysed to 
illustrate and check the developed model. This arch gravity dam was 
built in 1954 and has been used ever since for seasonal regulation 
of the Neretva River. The dam is composed of fourteen blocks 
interconnected with wide contact areas (measuring approximately 

1 m), which were realised for dissipation of concrete temperature.
The data about the dam and water storage reservoir of the 
Jablanica Hydropower Plant (Figure 17) were obtained from [25]. 
The construction height of the dam is 85,0 m, the dam length at 
crest level is 210,0 m, and the dam volume is 130.000,0 m3. 
The installed flow is 180,0 m3/s, and the maximum flow of all 
evacuation spillways is 2915,0 m3/s. The installed capacity is 
150,00 MW, and the mean annual production is 792,0 GWh.

Figure 17. Dam of the Jablanica Hydropower Plant

4.2.  Description of soil properties and adopted parameters

The length of Jablanica water storage reservoir is 27 km in 
straight line. The greatest depth is about seventy meters near the 
dam of the Jablanica Hydropower Plant. The water basin takes up 
an area of approximately 14,3 km2, and the volume of the water 
storage reservoir is approximately 290.000.000 m3. The lake is 
longitudinally shaped, with the dominantly east-west orientation. 
It has numerous coves, namely in the central and bottom parts of 
the lake. An average width of the water storage reservoir varies 
between 250 and 400 meters [1-3]. 
The Jablanica Lake basin is situated at 270 m above sea level. The 
biggest watercourse that empties into the water storage reservoir 
is the Neretva River, with the mean annual flow rate of 53,0 m3/s. 
As to landscape and scenery around the lake, the area abounds in 
deciduous forests. 

4.2.1. Seismic features 

According to former classifications, the Jablanica Lake basin 
belongs to zone 6°MCS, and the epicentral area is situated in 
Konjic with earthquakes of the order of 4°MCS. There are two 
epicentral zones to the south-east along the Neretva River 
valley, with earthquakes of the order of 6°MCS to 7°MCS [1-3]. 
Local seismic activity involves all earthquakes in the vicinity of 
the Jablanica HPP (43.692° N17.732° E) within the perimeter 
of 75 km. As many as 5,472 earthquakes were registered in this 
area in the period from 1386 to 2011.
Considering the significance of seismic activity in this zone, a 
special attention was paid to the earthquakes within the perimeter 
of 25 km from the Jablanica HPP dam. 430 earthquakes were 
registered in this perimeter in the period from 1386 to 2011.
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Maximum horizontal accelerations and earthquake intensities 
at the dam site are presented in Table 1.

Table 1.  Maximum accelerations and earthquake intensities at the 
dam site [1, 2]

4.2.2. Geological properties of soil 

A respectable array of geological investigations and soil testing 
campaigns was conducted in the surrounding area and in close 
proximity of the dam. General geological composition of soil in 
dam area is dominated by a gabbro massif, which is intersected 
with various dike equivalents, while joints and small cavities are 
intersected with various mineral parageneses [29].

4.2.3. Rock massif parameters adopted in the study 

Table 2 shows soil and rock massif parameters that were used 
in the simulation of the fluid-structure interaction for the 
Jablanica dam [4]. Rock massif parameters were determined 
by individual zones via statistic processing of data obtained 
following geophysical survey as conducted by IGH Zagreb.

4.3.  Description of properties and structural parameters

According to [29] the mean value of the 
static modulus of elasticity for concrete 
amounts to: Ecm = 31000 MPa. In addition, 
according to [29], it is recommended to 
use in dynamic analysis the dynamic 
modulus of concrete that can be obtained 
from the following empirical equation:

 (20)

The rectified elastic moduli were 
calculated according to (4), and the 
following values were obtained for the 
60-year old concrete: 
-  static modulus of elasticity of  

Ecm = 42 400,0 MPa, 
-  dynamic modulus of elasticity of  

Ecm,D = 58 000,0 MPa.

Both results corresponds quite well 
with measured results [29]. According to 
[29], the mean compressive strength of 
concrete that is considered in calculations 
amounts to fcm = 30,0 MPa. The rectified 
compressive strength of concrete was 
calculated according to (2), and the 
compressive strength of fcm = 41 MPa was 
obtained for the 60-year old concrete.
According to [29], the mean tensile 
strength of concrete incorporated in 
the dam amounts to: fcm = 3,0 MPa. The 
rectified tensile strength of concrete, 
calculated according to expression (7), 
was used in this paper. The tensile 
strength amounting to fctm = 4,3 MPa was 
obtained for the 60-year old concrete.

Return period
in years

amax 
(=agR in Eurocode 8) Imax

95 0.12 g 7.0 °MCS

200 0.16 g 7.3 °MCS

475 0.23 g 7.6 °MCS

2.000 0.33 g 8.1 °MCS

5.000 0.46 g 8.3 °MCS

10.000 0.54 g 8.5 °MCS

Parameter Mark Unit Value

Elastic modulus Es GN/m2 4.40

Shear modulus Gs GN/m2 1.79

Poisson ratio νs - - - 0.23

Density ρs kN/m3 28.5

Thermal coefficient αt - - - 0.00

Compressive strength fs.ck MN/m2 44.0

Tensile strength Fs.tk MN/m2 8.00

Tension correction coefficient α - - - 0.50

Maximum compression strain ec.max ‰ 0.035

Maximum tension strain et.max ‰ 0.00

Maximum shear strain eg.max ‰ 0.00

Parameter Mark Unit Value

Static modulus of elasticity Ecm GN/m2 42.4

Dynamic modulus of elasticity Ecm.D GN/m2 58.0

Shear modulus Gcm GN/m2 16.8

Poisson ratio ν - - - 0.25

Density ρ kN/m3 24.0

Thermal coefficient αt - - - 0.00

Compressive strength fcm MN/m2 41.0

Tensile strength fctm MN/m2 4.3

Tension correction coefficient α - - - 0.50

Maximum compression strain ec.max ‰ 0.035

Maximum tension strain et.max ‰ 0.00

Maximum shear strain eg.max ‰ 0.00

Table 2. Rock massif parameters adopted in the study

Table 3. Adopted concrete parameters
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The Poisson ratio of concrete varies between 0.15 and 0.22. 
That is why, according to [29], its mean value obtained by 
laboratory testing is used for static calculations: nc=0,19. 
In dynamic analyses according to [29] the value of this coefficient 
must be increased by 30%, i.e. to the value of: nc=0,25. Table 3 
shows concrete parameters that were used in the simulation of 
the fluid-structure interaction for the Jablanica dam.

4.4. Adopted fluid parameters

Table 4 shows water parameters that were used in the simulation 
of the fluid-structure interaction for the Jablanica dam.

Table 4. Adopted fluid (water) parameters

4.5. Model

A finite element network model composed of elements of the 
dam itself, elements of the surrounding soil, and elements of the 
water (upstream and downstream storage), was prepared for 
the study of dam behaviour in the scope of static and dynamic 
analyses. The finite element network of the overall system is 
shown in Figure 18, and the finite element network for the dam 
body is shown is Figure 19. 

Figure 18. Space model of the dam-soil-storage system [11]

The dam, fluid, and soil were discretised with 240, 2300, and 
6920 global finite elements, respectively, which were further 
divided, if needed, into smaller elements during the analysis. 
It should be emphasized that temperature effects, which can 
greatly change stress values and behaviour of the structure, 
were not considered in the analyses.

4.6. Numerical analysis results

4.6.1. Static analysis

In static analysis, the dam is loaded by its own weight and by 
hydrostatic pressure. The influence of temperature on the dam 
was not considered in this paper. In the numerical model, the 
dam water level was set to the spillway level. The results from 
this analysis were compared with the dam monitoring results, 
i.e. with the results from the “Technical monitoring report, 
prepared in 2014, for the dam, structures, and soil in the dam 
and water storage areas” [25]. 
In the scope of this monitoring, dam displacement is measured 
using the inverse plumb lines method. Dam displacements are 
monitored, using this method, in three measurement sections: 
IV, VII and X, at three positions for each section. Points along 
the dam body in which automatic coordimeters were placed are 
presented in Figure 20.

Figure 20.  Longitudinal profile of the dam and automatic coordimeter 
positions along the dam body [25]

Figure 21.  Dam displacements by own-weight and hydrostatic load, 
increased by 2000 times [11] 

Parameter Mark Unit Value

Sound velocity cw m/s 1430

Density ρw kN/m3 10.00

Figure 19 Space model of the dam [11] 
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Figure 22.  Dam displacements in crest – central segment – cross 
section, increased by 2000 times [11] 

Dam displacements for own-weight load and hydrostatic load, 
increased by 2000 times, are shown in Figure 21. Dam geometry is 
shown in light blue colour, and displacement by hydrostatic load at 
maximum water storage level is presented in dark blue colour. Dam 
displacements in the central segment (Segment VII) are presented 
in Figure 22. Dam displacements obtained by numerical model 
(11.49 mm in the top part of the central segment) correspond 
very well with displacement results presented in the “Technical 
monitoring report prepared in 2014 for the dam, structures, and 
soil in the dam and water storage areas”. 11.28 mm [25].
Numerical analysis conducted with initial values of elastic modulus, 
compressive strength, and tensile strength, gives somewhat greater 
displacements (15.28 mm at the top part of the central segment), 
which is not in accordance with measured values. This simple 
example clearly shows that the influence of ageing, i.e., concrete 
hardening, is a significant factor in the analysis of older structures.

4.6.2. Analysis of free oscillations of the dam

Free oscillation modes of the dam, i.e. the first five of its own 
oscillation modes, are presented in Figure 23. In Table 5.the 
frequencies of the first five forms of dam oscillation are given 
obtained in this work with those presented in [29]. Table 5 presents 
comparison of dam frequencies obtained in this paper with those 
presented in [29]. Dam is shown in blue, and displacement, i.e. 
modal form, is shown in red.

Figure 23. Dynamic properties of dam model - own oscillation modes [11]
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Detailed comparison of results from this paper and the results from 
[29] (analysed using the DIANA software) shows that the frequencies 
are somewhat different, which is quite expected considering the size 
and complexity of the model, and the size of the surrounding terrain 
and water storage reservoir covered by the model. It is interesting 
to note that own oscillation modes 1 and 2 are quite similar in both 
papers, with good correspondence of frequencies. At the same time, 
the frequency and mode of oscillation of the fourth mode from this 
paper, 7.895 Hz, is close to the form and frequency of the third mode 
from [29], which is 8.188 Hz. It can generally be concluded that 
the results correspond very well with the results given in [29]. The 
differences can be attributed to the density of the network and to 
the way in which own values were calculated.

4.6.3. Note on structural damping

The Rayleigh viscous damping is regularly used in the method of 
direct integration of equations of motion, and the latter is also 
used in this study. In this viscous damping, the damping matrix 
C is expressed as a linear combination of matrices M and K.
The damping matrix C is introduced in the context of the use of linear 
elastic analyses and so, when applying nonlinear dynamic analyses 
with material models that include internal dissipation of energy, the 
damping matrix C should cover only that part of the dissipation of 
energy that is not comprised in material models. An open question 
still remains: to what extent should the Rayleigh viscous damping 
be included when nonlinear models of material and geometry are 
introduced. To take into account this fact, the viscous damping of 
0.5% is used in the paper. This damping percent simulates “other 
nonlinearities” because the nonlinear behaviour of material is 
included through the previously presented model. Otherwise, as 
can be seen from the results, greater nonlinearities have not been 
registered in the dam even in cases of strong earthquake activity.

4.7. Dynamic analysis of Jablanica HPP dam

In order to determine response to dynamic excitation (earthquake), 
the dam was analysed using four earthquake records:
 - Northridge, California, USA (1994, magnitude of 6.8 on the 

Richter scale);
 - Cobe, Japan (1995, magnitude of 6.8 on the Richter scale);
 - Ston, Republic of Croatia (1996, magnitude of 5.6 on the 

Richter scale);
 - Banja Luka, Bosnia and Herzegovina (1969, magnitude of 6.0 

on the Richter scale);

Displacement spectra and acceleration spectra for all analysed 
earthquakes, with 0.5 percent of damping, are shown in Figure 
24 and 25, respectively. The analysis of these spectra offers a 
good idea of behaviour of the structure, even before the analysis 
is conducted, as will be shown later in the paper.

Figure 24.  Displacement spectrum for analysed earthquakes - 0.5 
percent of damping [11]

Figure 25.  Acceleration spectrum for analysed earthquakes - 0.5 
percent of damping [11]

Accelerograms of all analysed earthquakes, for earthquake 
simulation:

 - with the return period of 475 years, scaled to 0.23g;
 - with the return period of 10000 years, scaled to 0.54g.

The dynamic response of the dam was analysed for all four 
earthquakes for the time step of Dt=0,01 s, with the total of 
one thousand steps, i.e. the dynamic response of the dam was 
monitored over a period of ten seconds.

Oscillation modes Periods [29] Frequencies [29] Frequencies (this paper)

1. (first) 0.185 Hz 5.409 Hz 5.733 Hz

2. (second) 0.180 Hz 5.550 Hz 6.084 Hz

3. (third) 0.122 Hz 8.188 Hz 7.536 Hz

4. (fourth) 0.099 Hz 10.123 Hz 7.895 Hz

5. (fifth) 0.092 Hz 10.812 Hz 8.885 Hz

Table 5. Comparison of calculated dam frequencies (this paper) with frequencies presented in [29]
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4.7.1. Displacements and accelerations of dam crest over time

Figure 26 shows comparative dam crest displacements over 
time for all analysed earthquakes for a maximum acceleration 
of 0.23g, when the storage reservoir is full, and Figure 27 shows 
comparative dam crest displacements over time for all analysed 
earthquakes for a maximum acceleration of 0.54g, when the 
storage reservoir is full. Comparative dam crest accelerations 
over time, also for the full storage reservoir are shown in Figure 
28 for all analysed earthquakes for a maximum acceleration of 
0.23g, while the same is shown in Figure 29 for all analysed 
earthquakes for a maximum acceleration of 0.54g.

Figure 26.  Comparative diagram of dam crest displacements over 
time (node 823) for all analysed earthquakes (0,23g) - 
water storage reservoir is full [11]

Figure 27.  Comparative diagram of dam crest displacements over 
time (node 823) for all analysed earthquakes (0,54g) - 
water storage reservoir is full [11]

Slika 28.  Usporedni dijagram ubrzanja krune brane u vremenu (čvor 
832) za sve analizirane potrese (0,23g) – akumulacija jezera 
puna [11]

Figure 29.  Comparative diagram of dam crest acceleration over time 
(node 823) for all analysed earthquakes (0,54g) - water 
storage reservoir is full [11]

4.7.2. Hydrodynamic pressure variations in time at the 
bottom of the dam - comparisons

Figure 30 shows comparative hydrodynamic pressure variations 
at dam bottom over time for all analysed earthquakes for a 
maximum acceleration of 0.23g, when the storage reservoir is 
full, and Figure 31 shows comparative hydrodynamic pressure 
variations at dam bottom over time for all analysed earthquakes 
for a maximum acceleration of 0.54g, also when the storage 
reservoir is full.

Figure 30.  Comparative diagram of hydrodynamic pressure variations 
at dam bottom over time (node 3074) for all analysed 
earthquakes (0,23g) - water storage reservoir is full [11]

Figure 31.  Comparative diagram of hydrodynamic pressure variations 
at dam bottom over time (node 3074) for all analysed 
earthquakes (0,54g) - water storage reservoir is full [11]
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4.7.3.  Hydrodynamic forces acting on dam over time - 
comparisons

Figure 32 shows comparative total hydrodynamic forces acting 
on dam body over time, for all analysed earthquakes, and for a 
maximum acceleration of 0.23g, when the storage reservoir is full, 
and Figure 33 shows comparative total hydrodynamic forces acting 
on dam body over time, for all analysed earthquakes, and for a 
maximum acceleration of 0.54g, when the storage reservoir is full.

Figure 32.  Comparative diagram of hydrodynamic forces acting on 
dam over time for all analysed earthquakes (0,23g) - 
storage reservoir is full [11]

Figure 33.  Comparative diagram of hydrodynamic forces acting on 
dam bottom over time for all analysed earthquakes (0,54g) 
- water storage reservoir is full [11]

4.7.4. Analysis of results

Accelerograms, spectra and results obtained during analysis clearly 
show that the earthquakes selected for analysis greatly differ 
according to their periods, way in which they act, and according to 
the total effect they have of the dam.
Banja Luka is an impact earthquake whose dominant activity lasts 
for about three seconds, and then the earthquake suddenly calms 
down for the next two seconds, only to continue with a low-intensity 
shaking until the end of seismic record. As a result, hydrodynamic 
pressures for this earthquake are highly variable and at some 
moments (in some parts of the dam) they attain very high values 
but, overall, the hydrodynamic force imposed on the dam is not 
the greatest. The Northridge earthquake, which is more oscillatory 
compared to the Banja Luka earthquake, is characterised by much 
smaller displacements and accelerations compared to other 
earthquakes, but has the greatest hydrodynamic force. It can be 
seen that the accelerogram of the Northridge earthquake covers 

very well the free period of the storage reservoir in the time segment 
between 2.5 and 3.0 seconds, as it then imposes the greatest total 
hydrodynamic force on the dam. However, as can be seen from the 
displacement diagram, the dam withstands this force quite well with 
the maximum relative displacement (measured from hydrostatic 
state) of approximately 6.5 mm (for the earthquake scaled to 0.54g). 
Kobe and Ston earthquakes are somewhere in between these two 
earthquakes, as can be seen from the response spectrum and the 
corresponding results.
The results of dam behaviour when subjected to the Banja Luka 
earthquake load are very interesting. Although smaller total 
hydrodynamic forces imposed on the dam were obtained for this 
earthquake, for the return period of 475 years (0.23g) the earthquake 
provoked displacement of approximately 7.0 mm (which is about 60% 
of the hydrostatic load, with the dam crest acceleration somewhat 
exceeding 9.81 m/s2). For the return period of 10000 years, the 
earthquake causes displacement of approximately 12.4 mm (which 
is even slightly more compared ot the hydrostatic load, with the dam 
crest acceleration of about 24.6 m/s2, which amounts to almost 2.5 
g). This earthquake, together with the Kobe earthquake, exerts the 
greatest influence of the dam. It is interesting that the Northridge 
earthquake causes twice as low acceleration of dam crest for the 
same acceleration amplitude.
For the return period of 10000 years (0.54g), the Kobe earthquake 
provides the displacement of approximately 12.0 mm, with a slightly 
smaller crest acceleration of approximately 20.0 m/s2. However, the 
Kobe earthquake provides the greatest displacements at the dam 
crest. It is obvious that the dam, due to its considerable thickness, 
is more sensitive to rapid seismic impacts, while earthquakes with 
greater periods, despite causing greater hydrodynamic pressures 
and hydrodynamic forces, actually exert a smaller impact on the 
dam.
Relatively great hydrodynamic pressures occur at the bottom of 
the dam and so, for the Banja Luka earthquake, the pressure is 
almost 1000 kPa, with the tension of approximately 600 kPa, for 
the return period of 10000 years (0.54g). The hydrostatic pressure 
at the bottom of the dam is approximately 760 kPa, and so the 
cavitation does not occur. According to numerical analysis results, 
cavitation occurred at several points at 2/3 of the dam height, but 
the values were very low and it was observed in a very limited area, 
which is why it can be attributed to numeric error rather than to an 
acutal physical occurrence. In addition, it should be noted that these 
pressures are the so called peak values and that the mean pressure 
is much lower, i.e. it amounts to approximately ± 200 kPa.
As it could be said that the Banja Luka earthquake is, so to speak, a 
“domestic earthquake”, i.e. an earthquake that could most probably 
be expected in the wider area of the dam, further discussion will 
actually concentrate on this earthquake, and selected results of dam 
behaviour will be presented in discrete time segments. 
Dam displacements caused by the Banja Luka earthquake (0.23g) 
are presented in Figure 34 for the fully impounded reservoir and 
for the earthquake duration of 2.25 seconds, when the greatest 
displacement of 0.68 cm was registered in the negative or 
downstream direction (positive direction of coordinate system is 
positioned toward the water storage reservoir). 
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Figure 34.  Global view of dam displacement for the Banja Luka 
earthquake (0,23g) in the time interval of 2,25 s [11]

Figure 35.  Global view of dam displacement for the Banja Luka 
earthquake (0,54g) in the time interval of 2,25 s [11] 

Dam displacements caused by the Banja Luka earthquake (0.54g) 
are presented in Figure 35 for the fully impounded reservoir and 
for the earthquake duration of 2.25 seconds, when the greatest 
displacement of 1.24 cm was registered in the negative or 
downstream direction, i.e. toward to Neretva River. In this figure, the 
basic geometry of the dam is marked in gray, while the displaced 
dam is marked in purple. Displacements are increased by the 
coefficient of 2000.
The formation and propagation of cracks on the dam subjected to 
the Banja Luka earthquake (0.23g) is shown in Figure 36 for the fully 
impounded reservoir. The first crack occurred on the dam extrados 

0.02 seconds after activation of the earthquake (Figure 36.a). The 
situation did not change until 2.18 seconds after activation of the 
earthquake, when two new cracks occurred, one on the extrados 
and the other on the intrados of the dam (Figure 36.b). Thus, a total 
of three cracks were registered, two at the extrados and one at the 
intrados of the dam.
The formation and of cracks on the dam subjected to the Banja Luka 
earthquake (0.54g) is shown in Figure 37 for the fully impounded 
reservoir. The first crack occurred on the dam extrados 0.02 seconds 
after activation of the earthquake (Figure 37.a). The situation did not 
change until 2.16 seconds after activation of the earthquake, when 
three new cracks occurred at dam crest (Figure 37.b). Four new 
cracks occurred at 2.17 seconds after activation of the earthquake, 
two at the extrados slightly below the dam crest and two at the 
extrados at dam abutment (Figure 37.c). One new crack occurred 
at 2.23 seconds after activation of the earthquake at the extrados 
slightly below the dam crest (Figure 37.d). Two new cracks occurred 
at 2.42 seconds after activation of the earthquake at the extrados 
at both dam abutments (Figure 37.e). Two new cracks occurred at 
2.43 seconds after activation of the earthquake, one at the extrados 
at dam abutment, and the other at the intrados at dam abutment 
(Figure 37.c). Three new cracks occurred at 2.63 seconds after 
activation of the earthquake, one at the extrados at dam abutment, 
and the other two at the intrados at both dam abutments (Figure 
37-g).. No new cracks appeared at 2.63 seconds after activation of 
the earthquake. Thus, a total of sixteen cracks occurred, ten at the 
extrados, three at the intrados and three at dam crest.
It is interesting to note that the final number of cracks (after the 
earthquake action) was relatively low. This can be explained as 
follows: First, although according to some classifications this 
dam can be grouped under arch dams, based on its relatively low 
height and cross sectional dimensions, it can actually be classified 
among gravity arch dams. In addition, initial stresses in the dam are 
relatively small for hydrostatic state so that an earthquake, even 
the one for the return period of 10000 years, would not generally 
cause extreme stress levels and cracking..

4.7.5. Some conclusions relating to dam analysis

After analysis of the previously conducted numerical simulations, 
it can be concluded that Jablanica dam is a globally safe and stable 
structure, even after sixty years of intensive use. Some cracks that 

Figure 36.  Crack propagation in dam body over time for Banja Luka earthquake (0,23g [11]: a) from 0,02 s to 2,17 s; b) 2,18 s - the final state of 
the cracks
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have occurred at inspection galleries and at other places along the 
dam are more due to local stress concentration around the opening, 
change in temperature, and shrinkage, than to global instability of 
the dam. On the other hand, a better model, which is to be developed 
in the future, and is to include parallelisation of code and analysis 
of a much greater number of finite elements, could also simulate 
inspection galleries and shafts, and a greater number of elements 
along the dam thickness, and is expected to provide an even more 
accurate answer about the real state of stress in the dam. In any 
case, the dam simulation across its thickness should be conducted 
with at least three elements, and the size of a finite element should 
not exceed 1.0 m.

What should definitely be included in some 
subsequent phases of analysis of this 
structure is certainly a better simulation of 
the surrounding soil, and this primarily from 
the standpoint of possible occurrence of 
faults, connection of different lithological 
environments, etc. Furthermore, the program 
should certainly contain contact elements 
that could better simulate the link between 
the dam and the bedrock. The results 
of the analysis conducted with concrete 
parameters that include ageing correspond 
very well with the dam monitoring results 
[25], and with the results obtained in [29]. 
It can be said that the developed model is a 
“powerful” tool for the analysis of concrete 
dams, and that it is especially appropriate for 
older concrete dams.

5. Conclusion

The problem considered in this study, i.e. 
simulation of dynamic interaction of the 
fluid-structure system is highly complex, 
as already presented in [1], because it 
encompasses all aspects of fluid mechanics 
and mechanics of deformable solids. The 
problem of numerical simulation of the 
fluid-structure interaction still remains an 
insufficiently investigated area, although 
it is currently being intensively developed. 
But not without a good reason.
The growing need for drinking water and 
water for irrigation, as well as the need 
for clean water-generated energy, has 
intensified the efforts to design and build 
new dams, and to properly maintain the 
existing ones. An intensive construction of 
dams for generation of hydroelectric power 
was initiated in the early 20th century. The 
dams built in that period are now more than 
one hundred years old. The issue involving 
their safety is currently highly topical not only 

in professional circles, but also in political and safety-concerned circles.
The model presented in this paper, which monitors development 
and pattern of change of mechanical properties of concrete over 
time (concrete ageing), has proven to be especially significant in the 
analysis of older structures (dams) The analysed example, involving 
simulation of behaviour of a real-life dam under seismic conditions, 
is the proof of the validity and efficiency of the developed model 
and of the corresponding computation software. 
Practical application of such models for simulating dynamic fluid-
structure interactions has greatly contributed to the study of real 
behaviour and safety of new and existing dams under dynamic/
seismic conditions.

Figure 37.  Crack propagation in dam body over time for Banja Luka earthquake (0,54g) [11]:  
a) from 0,02 s to 2,15 s; b) 2,16 s; c) 2,17 s; d) 2,23 s; e) 2,42 s; f) 2,43 s; g) 2,63 
s - the final state
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