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SUMMARY

The knowledge of the structural behaviour of existing masonry requires a multilevel approach, with proper
application of different diagnostic and assessment methodologies. The paper presents successful application of the
results of in-situ tests on modelling the behaviour of historical structures. In order to obtain reliable material
parameters for the application of different numerical models, different test methodologies a combination of
Destructive Tests (DT), Minor Destructive Tests (MDT) and Non-Destructive Tests (NDT) were performed. Following
this, two different model s were applied for the assessment of seismic resistance of PiSece Castle — structural element
model (SEM) for non-linear seismic analysis and 3D finite element model (FEM) for linear analysis by means of
modal response spectrum analysis. The results of numerical analysis provided valuable information of the load-
bearing capacity of structures, their seismic resistance as well as possible causes for the observed crack patterns.

Key words. numerical modelling, historical structures, masonry, structural element method, finite element method,

in-situ tests.

1. INTRODUCTION

The analysis of historical masonry constructionsis
ademanding and complex task. Primarily, because only
limited resources are usually allocated for the study of
the mechanical behaviour of masonry. Furthermore
even though, that sophisticated numerical model is
available and some previous in-situ or laboratory tests
were made, till there might appear some obstacles in
using existing tools and knowledge. Usually, silent
aspects are:

e Geometry datais missing;

e Morphology of the wall is missing;

e Characterization of the mechanical propertiesis

difficult;

e Large variability of mechanical properties, due

to workmanship and use of natural materials;

e Significant changesin the core and constitution
of structural elements, associated with long
construction period as well as some retrofitting
work;

e Existing damage in the structure is unknown;

e Regulations and codes may be non-applicable.

In order to overcome these obstacles, the first step

should be to determine efficient methodologies for the
diagnosis and the assessment of present state of the
structure by means of Non-Destructive Tests (NDT),
Minor-Destructive Tests (MDT) and Destructive Tests
(DT) techniques [1]. Hence, even though reliable
parameters from on-site investigations have been
obtained, appropriate method of analysisand model for
its evaluation could be another obstacle in successful
revitalization of historical structures.

ENGINEERING MODELLING 20 (2007) 1-4, 67-76 67



V. Bosiljkov, V. Bokan-Bosiljkov, R. Zarni¢: Numerical models for seismic assessment of historic structures

1.1 Methods of analysis

Depending on the structural characteristics of the
building, according to Eurocode 8 [2] one of the
following two types of linear-elastic analysis may be
used:

a) the“lateral force method of analysis’ for buildings
meeting the conditions for their regularity,

b) the “modal response spectrum analysis’, which is
applicable to all types of buildings

As an alternative to a linear method, a non-linear
method may also be used, such as:

c) non-linear static (pushover) analysis;
d) non-linear time history (dynamic) analysis,

Which among these methods will be used in
numerica analysis of historical structure may primarily
depend from the type of the structure (castle, palace,
church, tower, bridge etc.). The layout and structural
system of historical masonry structures may be the
crucid factorsinthisdecision. Itislikely to be, that with
different methods also the results may differ to some
extent. Some of the methods such as “lateral force
method of analysis’ or pushover analysesfor sometypes
of historical buildingsarejust not applicable. From these
reasons, recently most of the authors who analyse
historical structures use finite element models (FEM).
Within the modelling historical structures 2D or 3D
elements are generally used, with different types of
material models and different approaches in modelling
cracks within masonry.

1.2 Models used for analysis

In general, the seismic assessment of historical
masonry structures can be done by using lumped
parameter models (LPM), structural element models
(SEM) or finite element models (FEM). Since for
ordinary masonry buildings, the first vibration mode
shape is the predominant one, thereis usually no need
for sophisticated non-linear dynamic and the LPM
modelsare quiterare. For masonry wall structureswith
regular layouts where story mechanisms can be
predicted (buildings, palaces etc.) SEM may be
sufficient. However, for more sophisticated structures
(towers, churches etc.), only FEM analysis can give
insight into structural detailing and state of stresses
through the thickness of masonry elements.

2. STRUCTURAL ELEMENT MODELS

SEM approximates the actual structural geometry
more accurately by describing individual structural
elements such aspiersand walls. In the case of singleor
multistory buildings due to their regularity and
simplicity an equivalent static analysisintwo orthogonal
directions by using SEM can provide reliable
information regarding the seismic safety under expected
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seismic loads. Since seismic loading can exercise the
structural system to and beyond its maximum resistance
capacity, the SEM models usually have to be used with
static non-linear analysis. In this case a step-by-step
procedure is followed, using decreased stiffness values
under increasing lateral loads. Nonlinear element
behaviour is prescribed in the form of nonlinear lateral
deformation-resistance relationships, depending on the
boundary conditions and failure mode of masonry
elements. Usually the bi-linear or tri-linear behaviour of
SE is considered. The storey resistance envelope is
calculated by stepwise drifting of the storey for small
values. The SE’s are deformed equally (due to the
rigidity of floor structure) and internal forcesareinduced
according to the assumed shape of resistance envelope
of each SE. In the case of torsional effects (due to
relative displacement of the mass centre to the centre of
the storey stiffness) the displacements of individual SE
are modified. SEM assessment of historical masonry
structures can be effective only if storey mechanisms
can be predicted from the structural layout and
configuration of the building. In order to apply the SEM
method, crucial step is accurate characterisation of SE's
and determination of their stiffness and resistance.

Stiffness of structural elements determines the
overall dynamic behaviour of the structure and
distribution of the seismic forces. The stiffness of the
structural element according to the theory of elasticity
depends on the mechanical properties, geometry of the
element, boundary restraints and is defined by the
action that causes a unit displacement. For in-plane
laterally loaded masonry elements the unit
displacements/deflections are presented in Figure 1.

Coefficient v' is the shear deformation coefficient
which isfor the rectangular cross-section equal to 1.2. In
seismic analysis of laterally loaded walls one of the
assumptionsisthat the resulting deformation &, isaresult
of the combined action of bending and shear. Thus, for
wallswith both endsfixed, &, isequal to sumof &and 4,
and for cantilever wallsitisequal to thesumof 6, and 4.
The elastic stiffness is taken as Ke=1/6,. Introducing
coefficient k' which describes the applied restraint
conditions of the element (for both ends fixed it is equal
to 0.83 and for cantilever walls k'=3.33), the elastic
stiffness of the wall can be calculated as:

K, = Sy (1)

e

It can be seen from Eg. (1) that knowing the
geometry and boundary conditions of masonry
structural element it is necessary to determine the
mechanical properties of masonry, suchas G and E in
order to calculate the design elastic stiffness. Then,
load bearing capacity of structural elements[3] can be
calculated assuming two limit states according to
Figure 2, knowing mechanical properties of masonry,
such as compressive (f) and tensile strength (f;).
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Fig. 1. Elastic deflections of masonry walls

Fig. 2 Limit statesfor in-plane resistance of masonry walls
used in SEM analysis

Following then Turn3ek’s theory [4] where the
masonry, is considered as an elastic, homogeneous and
isotropic structural material and considering the level
of precompression and the geometry of the element,
shear resistance may be calculated as:

Ho=tt 3, %, p N y1cpc1s
b f; I

On the other hand, rocking resistance of masonry

structural element can be obtained from:

12t
H, :V/T%[l—%] 3)

where hisheight of element, | islength of the element,
tisthickness of the element, oy is design compressive
stresses, v is coefficient that reflect type of boundary
conditions and is for both fixed ends equal to 2,
otherwiseit is equal to 1.

3. FINITE ELEMENT MODELS

In general the methods for the evaluation of the
load bearing capacity of masonry structure and its
elements are complementary and the selection of one
of them depends on many factors, such asthe required
accuracy, measured parameters, the typology of the
structural element, type of action, morphology of the
masonry, etc. Masonry is a composite non-
homogeneous structural material, whose mechanical
properties depend on the properties of and the
interaction between the composite components — units
and mortar, their volume ratio and the properties of
their bond. Furthermore, the properties and behaviour
of masonry is strongly affected by the orientation of
the main principle stresses towards the joints. It hasto
be said that FE procedures are not fully reliable when
applied to historical masonry structures. One of the
main difficulties to overcome are constitutive models
for masonry and how to obtain material parametersfor
their implementation in modelling. Masonry isatypical
non-linear material with reduced tensile strength for
which cracking has be taken into account in order to
describe the inelastic behaviour. While the choice of a
very sophisticated constitutive model is important
when the main objective of the analysis is to follow
with the best possible accuracy the elastic, hardening
as well as softening behaviour at all points of a
structure, the simple elastic or plastic model may be
accurate enough for the estimation of the global
behaviour of the structure.

Before the implementation of any FEM analyses,
thefollowing factorsfor the eval uation of the structural
performance of masonry should be known:

e itsgeometry;

e thecharacteristics of its masonry texture (single
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or multiple leaf walls, connection between the
leaves, joints empty or filled with mortar);

e the characteristics of masonry as a composite
material.

The geometry can be idealised in different ways,
i.e. by considering the structure to be made of linear
elements, two-dimensional elements, shell elementsor
fully three-dimensional elements. As opposed to
modern structures, it is not straightforward to define
the conditions under which a given idealisation of the
geometry is applicable. Usually, the geometry of
historical masonry structure is rather complex asthere
is no distinction between decorative and structural
elements. Therefore, as a first impression, it would
seem reasonabl e to advise the use of three-dimensional
elements. But this might also be erroneous. However,
geometric idealisation should be kept as simple as
possible, as long as it can be considered adequate for
the considered problem.

According to some authors [5] it is better: (a) to
use two-dimensional models than three-dimensional
models, (b) to avoid using shell elements in areas
important for the global behaviour of the structure and
(c) to model structural parts and details instead of
modelling complete and large structures. However,
these opinions may be valid for the static analysis,
whereas in the domain of dynamic analysis they are
becoming obsolete.

In general, the following principles should be
considered in geometric idealisation of historical
structures:

e Fully three-dimensional models may be time
consuming with respect to preparation of the
model, to perform the actual calculation and to
andysetheresults. Additionaly, in the case of the
widely spread FEM, many authors have been
using solely one element (8 noded) over thewhole
thickness of the walls. The errors associated with
such adiscretisation may be very large already in
the case of alinear elagtic analysis.

Unit (brick, block) Perpend joint

e The results of models incorporating shell
elements are reasonably difficult to analyse due
to the variation of stresses along the thickness
of the elements. In addition, the large thickness
of the structural elements might yield a poor
approximation of the actual state of stress.

e Increasing the details and size of the model
might result in a large amount of information
that may blur the important aspects.

Characterization of masonry material may be a

difficult task [6-9]. In general the main strategies for
the application of FEM can be adopted for the masonry
as follows (Figure 3):

e simplified micro-modelling (heterogeneous
models) — effective for small elements and shear
walls with openings, where units are
represented by continuum elements, whereas
the behaviour of the mortar joints and unit-
mortar interfaceisrepresented by discontinuous
elements;

e homogenization approach (homogeneous
models) — is amed at solving the problem of
modelling large masonry structures by treating
masonry as a periodic composite medium. It
may be regarded as a special case of
homogeneous models, where mechanical
properties of masonry are gained through
homogenization approach, predicted solely
from the properties of units and mortars;

e macro-modelling (homogeneous models) —
applicablefor modelling whole structureswhere
masonry isregarded as an anisotropic composite
material (constitutive models). As opposed to
homogenization approach, constitutive models
for masonry material for macro-modelling are
determined from the test results gained on
masonry specimens.
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Fig. 3 Different levels of modelling brickwork masonry (after [6])
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Each of these FEM strategies has advantages and
disadvantages. However, when analysing old historical
building, where limited parameters from different
techniquesfor in-situ investigation can be obtained, the
effective FEM analysis by applying sophisticated
constitutive material laws could be questionable.

4. RESEARCH PROGRAM

For the purpose of the study presented herein, two
different types of structures were investigated: western
wing of the PiSece Castle from Baroque period and its
main defence tower from Romanic period. Since both
structures differ significantly both in the term of
typology, state of structure and masonry texture, one of
the main priorities was to organize qualitative on-site
investigation of structures (Figure 4). The results of
Non-Destructive (NDT), Minor Destructive(MDT) and
Destructive testing (DT) provided reliable material
parameters for the implementation of SEM and FEM
analysis of both structures. For the purpose of seismic
analysis of western wing, non-linear static analysis was
applied, whilefor the analysis of the main Tower, modal
response spectrum anaysis with linear elastic material
was adopted.

4.1 Western wing of the PiSece Castle

From the structural point of view the Castle (Figure
5) represent classical example of masonry structures
for Slovenian region. It consists of main defence tower,
attached buildings around it, achapel and defence wall
around them. Structural elements that determine the
load-bearing capacity of the castle are mainly solid
walls, with the exception of the arched corridor
connecting the main tower with the western part of the
PiSece castle.

Ground floor

Radar test

O

B Sonic test

® FlatJack test

M Sampling of mortar and stone
X Videoboroscopy

For the western wing of the PiSece Castle, SEM
model with applied push-over analysiswas adopted for
the verification of the seismic resistance. Parameters
(Table 1) for the seismic analysis that were considered
inthisnumerical investigation were: geometry of walls
(derived through geometric and crack pattern survey),
modulus of elasticity of masonry and compressive
strength of masonry (double flat-jack test), tensile
strength, shear modulus of the masonry and ductility
(in-situ shear test), as well as vertical stresses in the
elements (analytically and single flat-jack test) (see
Ref. [10] and Ref. [1] for more details).

Table1l. Material parametersfor SEM analysis

Symbol Value
Compressive strength (MPa) fe 1.00
Tensile strength (MPa) fi 0.14
Modulus of asticity (MPa) E 1490
Shear modulus (MPa) G 430
Ductility u 1.0

For the seismic analysis of the western wing the
following assumptionswere made: rigid horizonta floor
diaphragm action, predominant first vibration mode
shape, contribution of an individua wall depend on the
lateral displacement attributed to that wall and the shape
of its resistance envelope, and the walls of composite
section were considered as separate along the vertical
joint (or cracks observed with crack pattern survey)
between their parts. Calculations were performed in
two orthogonal directions (Figure 5), determined by
neighbouring massive defence Tower, to which the
western wing was leaning on. The main steps in the
non-linear analysis were: calculation of the mass of
building and stiffness of individual walls, determination
of base shear and its distribution among the walls
according to their stiffness. Seismic resistance was

First floor

DEOEN

WesternWing .55

Ry
25

o /4
s o
<> 5,

(Bn  POS 4b

Impact echo
Coring
Geoelectric methods

Moaisture content by driling method
Insitushear test

Fig. 4 Organization of on-site investigation of the PiSece Castle
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calculated on the basis of assumed ultimate resistance
mechanism, which includes the redistribution of action
effects to individual walls according to the attributed
ductility capacity (storey resistance envelope, see
Figure 6). And finally following the energy and ductility
based bi-linear idealization of the relationship between
the resistance and relative storey drift of the storey
under consideration, the comparison with design shear
provisions was made.

Following theresults of analysis, the ultimate design
seismic resistance coefficient for X (SRCy,=0.576)
and Y (SRCy,=0.646) directions, respectively, was
compared with the design base shear coefficient BSCy.

In the case of the PiSece Castle, for the design ground
acceleration of 0.2 g and importance factor of 1.4,
BSCy4 was calculated as equal to 0.47. Although the
seismic analysis of the western wing of the PiSece
castle revealed that its seismic resistance according to
EC 8 requirements is satisfying (which should not be
surprising, considering that theratio of areas of all walls
towards the overall area of critical section was over
20%), the numerical analysis showed also some
weaknesses of the structure (Figure 7), such as short
walls along the corridor, walls with chimney flues as
well as already cracked round walls at the northern
part of the wing.
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Main Towher

Western Wing

10m

Fig. 5 Sructural layout and cross-section of western wing and the main tower of the PiSece Castle
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Fig. 6 Relationship between the resistance and relative storey drift of the storey for western wing for X and Y direction
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4.2 Tower of the PiSece Castle

The main tower of the PiSece castle (Figure 5), that
represents beside the peripheral walls and the chapel
the oldest part of the castle, was built in the first half
of the 13th century. It has rectangular shape with very
(at some pointsalmost 2.5 m) thick walls. It lay almost
entirely on solid rock, except its south-east corner,
where the soil was partly eroded. Originally the tower
had ground floor and four floors above it, but in the
18th century the top floor was removed and the tower
was partly attached with arched corridor to the western
part of the castle, built later in Barogque period. The
texture of thewallsis of regular stone units distributed
all through the thickness of thewall and thin bed joints.
The connections between the walls are provided by
masonry bond. Theiron tiesare located in the 3'd floor
of the tower, but are in loose state, not providing
satisfying additional connection of the main walls of
the tower.

Crack pattern investigation (Figure 8) reveal ed that
the tower is severely cracked all aong the height of
the east and partly south walls, with cracks on the east
wall passing through the thickness of the walls. Also,
themain inner partition wall is detached from the outer
walls al along the height of the tower.

|

——  Large cracks

[
[
O
A

Fig. 8 Crack pattern investigation of the PiSece Castle
(courtesy of Politecnico di Milano)

For this stage of numerical analysis of the PiSece
Castle tower, FEM macro-model with elastic material
propertieswas applied [ 11]. Application of SEM model
was not feasible since storey mechanisms could not
be applied for such massive structure (no
concentration of masses at storey levels). The tower
has also very wide walls and thus 3D FEM analysis of
the state of stresses in critical sections was inevitable
for successful analysis of the tower due to different
load cases.

The mechanical characteristics of the masonry
were formulated on the basis of the results from on-
site testing campaign. The results from flat jack test
as well as some general information gained through
laboratory tests of cored samples were used in this
numerical investigation. Specific weight was chosen

as y=1800 kg/m3 (although for regularly shaped
masonry it may vary up to 2200 kg/m3), modulus of
elasticity E=18 GPa; Poisson’s ratio as v=0.03.
Compressive strength was determined according to
doubleflat-jack test as 1.2 MPa and tensile strength as
1/10 from compressive strength. Results of coring,
videoboroscopy as well as radar and microseismic
investigations [10] enabled modelling structural walls
of the tower as homogenous isotropic material.

According to the crack pattern investigation there
were several causesidentified for the observed cracks,
such as: a) due to the overweight of the tower, b)
settlement of South-East corner and c) seismic motion
(expected ag=0.20 g with return period of 475 years).
Following this, at this stage of investigation a linear
elastic analysis of the tower was carried out depending
on different loading cases as presented in Table 2.

Table2. Test matrix for different loading cases for Tower

Present situation | Added top floor
(XVIT = XXI) (X111 =XVIII)
Dead |oad PG HG
Settlement on South-
East corner PSS HSS
Seigmic analysis PS HS

Two different models were prepared, named P
and H. The first one (model P — see Figure 9)
represents the model of the tower considering its
current geometry. The second one (model H) was
prepared by adding additional floor at the top of the
tower, as it had been the situation till the 18th
century. For dead load analysis only the dead |oad
(no live loads) was considered (for roof structure of
0.9 kN/m2 and for floor structures 0.372 kN/m?). The
settlement of the south-east corner of the tower was
modelled as alinear one. The geometry of the tower
was modelled considering all recesses and opening
gaps (Figure 9). Constrains for the model were
applied on the bottom of the model as well as at the
connection between the tower and arched structure
on the south side of the tower.
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Fig. 9 P—model: geometry and mesh idealisation
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Results on the PG and HG modelsreveal ed that the
normal stresses at the most cracked part of the tower
(south-east corner) do not exceed 30% of the
compressive strength of the masonry. Thus the
hypothesis that the overweight due to the added floor
was the main cause for the cracking was neglected.

Another hypothesis for the extensive cracks at the
south-east corner was due to the settlement of the
tower. According to the analysis of shear stresses (see
Figure 10), for both P and H models (load cases PSS
and HSS), it seemsthat if the cracking was due to the
settlement of the foundation on south-east corner, there
should be extensive cracking along the main entrance
to the tower at east side aswell. Since, thiswas not the
case, this hypothesis have been neglected as well.

The seismic effects can conventionally be evaluated
through static analysis of the structures subjected to a
system of horizontal forces parallel to the directions
assumed for the seismic motion and a system of
vertical forces, distributed on the building proportional
to the weights. For this seismic analysis, a seismic
effect was evaluated through dynamic analysis of the
building inthelinear elastic field. Thiswas done using
the modal analysis method, adopting the seismic
response spectrum. The method relies on the
assumption that the dynamic response of a structure
may be found by considering the independent response
of each natural mode of vibration (Table 3 and Figure
11) and then combining the responses in a way that
every possible result is given as an envelope of the
maximum values of the nodal displacements, stresses,
deformations and responses to the restraints, all
calculated by combinations of the responses related to
each type of vibration. For this paper the latest step
was omitted and the analysis of each modal shape was
considered separately.

Table 3. Results of modal analysis of Tower

Model PS Model HS
Modal shape Fregquencies Freguencies
[HZ] [HZ]
1 11.42 14.38
2 13.26 16.26
3 17.61 20.21
4 21.38 26.31

Following the calculation of expected ground
acceleration from EC 8 [2] seismic design spectrum
that depends on the natural frequency for the mode of
vibration under consideration and considering “ A” type
of soil, the seismic loads for the model PS was
formulated. They correspond to the deformed shape
depending on the mode of vibration under
consideration with normalized displacement.
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From the analysis of the distribution of the main
tensile stresses for the model PSL1, it can be concluded
that the main cause for the cracking on the south and
east side of the tower was due to the seismic actions
(Figure 12). The seismic analysis of the 2nd and 3rd
vibration mode revealed that these modes probably
contributed more to emphasised cracking in the south
part of the tower and damages on the gable wall.

5. CONCLUSIONS

Following the case study of the implementation of
different NDT, MDT and DT techniques into the
numerical investigation of the historical masonry
structures several conclusions can be drawn:

e Theresultsof NDT and MDT investigations can
be used for the modelling of the elastic response
of the historical masonry structures. However,
for more sophisticated non-linear constitutive
models, additional laboratory as well as on-site
DT tests are required.

e Seismic resistance of western wing isaccording
to the requirements of EC 8. However, the
numerical investigation using SEM method was
carried out under several assumptions. One of
these was rigid floor action, which for the
western wing of the PiSece Castle till hasto be
achieved, since the floors in that part are
wooden and only a few anchors for tying the
wallsin the floor level were noticed during the
investigations.

e Numerical analysis of the tower revealed that
the most critical load case for the safety of the
structureis seismic load. Recorded crack pattern
on the east and partly on the south walls of the
tower were probably due to previous
earthquakes. Concerning the crack beneath the
corridor on the south wall (see Figure 8), it is
more likely that it was the consequence of the
later reconstruction works carried out in 18th
century when the arched corridor was added.
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NUMERICKI MODELI ZA OCJENU SEIZMICKE OTPORNOSTI POVIJESNIH
KONSTRUKCIJA

SAZETAK

Poznavanje ponasanja postojecih zidanih konstrukcija zahtijeva multidisciplinarni pristup koji podrazumijeva
uporabu razlicitih metoda za dijagnosticiranje i ocjenjivanje stanja konstrukcija. U okviru rada je predstavijena
djelotvorna metodologija uporabe rezultata in-situ ispitivanja u modeliranju povijesnih konstrukcija. Da bi dobili
pouzdane materijalne parametre, potrebne za numericko modeliranje, upotrijebljene su razlicite kombinacije
destruktivnih (DT), djelomicno destruktivnih (MDT) i nedestruktivnih ispitivanja (NDT). Na osnovi dobijenih
rezultata, upotrijebljena su dva razli¢ita modela za proracun seizmicke otpornosti dva objekta dvorca Pisece
(Slovenija): model konstrukcijskih elemenata za nelinearnu analizu i 3D metoda konacnih elemenata za linearnu
spektralnu analizu konstrukcije. Rezultati numerickih analiza su nam pomogli dobiti uvid u nosivost konstrukcija,
njihove seizmicke otpornosti kao i u moguce uzroke postojecih konstrukcijskih pukotina.

Kljucéne rijeci: numericko modeliranje, povijesne konstrukcije, zide, metoda konstrukcijskih elemenata, metoda
konacnih elemenata, in-situ ispitivanja.
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