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Abstract

The methodology for strengthening of Byzantine monuments, developed in full compliance with the traditional
ways of construction, the specific characteristics of the monuments and modern requirements for seismic sta-
bility, within the framework of the research project «Study for Seismic Strengthening, Conservation and
Restoration of Churches Dating from the Byzantine Period in Macedonia», has been experimentally investi-
gated. The church of St. Nikita located in the village of Banjani was selected as a prototype for detailed exper-
imental and analytical investigations of the existing state and a 1:2.75 scale model was constructed for shaking
table tests to establish the basis for development and verification of a methodology for repair and strengthen-
ing of historic monuments. After testing the model by a gradual increase in the intensity of the simulated
earthquakes, the damaged model was repaired and retrofitted using tie rods contained within the wall struc-
tures to minimize the visible effects of structural intervention, and the model was tested again. Comparison of
the experimentally obtained results for the original and the strengthened model undoubtedly proved the effi-
ciency of the method for improvement of the seismic resistance of these structures. The method is easily ap-
plied and fully satisfies the principle of minimum intervention — maximum protection.

Key words Byzantine churches — repair and seis- and the dynamic behavior of soil media under
mic strengthening — shaking table testing of a earthquake loading, the dynamic properties of
church model the structural systems, the strength and de-
formability characteristics of the structural ele-
ments and their materials, and the dynamic re-
sponse of the structural systems under the ex-

The repair and/or strengthening of historical pected groupd motions. S
monuments is highly dependent on the earth- Bearing in mind that most of the hlStOI’l'Cal
quake conditions to which they have been ex- monuments are const.ructed of brittle materials
posed in their past history and the ground mo- with large cross sections of the structural ele-
tion to which they are expected to be exposed ~ ments and heavy structural systems as well as
in future, as well as the materials and methods considering the limited possibilities for im-

1. Introduction

used for their construction. Due to these rea- provement of the ductility of the structural ele-
sons, it will be of importance that repair/or ments, their earthquake response is mostly lim-
strengthening, as a part of preservation, conser- ited to the elastic range of structural behavior.
vation and restoration of historical monuments This will require that the expected earthquake
located in seismically active regions, be ground motions, as the first important influenc-
planned based on detailed studies of the ex- ing factor, be determined not only by the am-
pected seismic hazard, the local soil conditions plitude content but also by the expected fre-
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quency content of the close and far distant
seismic zones with consideration of the influ-
ence of the local soil conditions and modifica-
tion of the amplitude and frequency content of
the earthquake ground motions. The second in-
fluencing factors are the dynamic properties
(resonant frequencies, mode shapes and damp-
ing capacity) of the structural systems which
will assure appropriate formulation of the
mathematical models and analysis of the dy-
namic response. The third influencing factors
on which the structural response and the meth-
ods for repair and strengthening will depend in
the process of preservation of the historical
monuments, are the strength and deformability
characteristics of the structural materials and
the main structural elements, and the possibil-
ity for improvement of their ductility. The
fourth factor which has an important influence
on the structural response due to the pro-
nounced rigidity of the structural systems of
the historical monuments and the relatively
soft soil conditions, is the effect of the soil-
structure interaction.

Considering that the above mentioned fac-
tors are of basic importance for determination
of the earthquake response of historical monu-
ments, as well as the fact that the seismic anal-
ysis of this type of structure cannot be per-
formed using seismic design codes for modern
buildings and structures, determination of crite-
ria, methods, and techniques for strengthening
of historical monuments and the process of
restoration and preservation should be based
on detailed studies of relevant influencing fac-
tors with consideration of the economic effects
of alternative solutions for repair and strength-
ening. It is still also important to recognize that
in the case of a large number of similar histori-
cal monuments concentrated at the same loca-
tion, the seismic risk is several times higher
than in the case of a single, isolated monu-
ment.

In general, considering that structures of
monuments in seismically active regions
should not change their basic structural system
by the process of repair and strengthening,
seismic design criteria and dynamic response
analysis of monuments, as well as adequate re-
pair and strengthening methods and techniques
should be developed in order to provide eco-
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nomically justified and technically consistent
seismic safety with sufficient bearing and de-
formability capacity as well as an acceptable
damage level in case of future earthquakes.

2. Study of the existing state of the monu-
ments and seismic strengthening

For the purpose of development of appro-
priate methods and techniques for repair and
strengthening of monuments of Byzantine type,
in general, and particularly the Byzantine mon-
uments located within Macedonia, the research
project «Study for Seismic Strengthening, Con-
servation and Restoration of Churches Dating

Fig. 1. Plan and cross section of «St. Nikita»
church of Banjani (Macedonia).
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from the Byzantine Period (9th-14th Century)
in Macedonia» has been proposed to the Getty
Conservation Institute — Marina del Rey. The
programme of the project involves all the
phases of the investigation, i.e., definition of
seismic hazard, seismic parameters and local
soil conditions, performance of ambient vibra-
tion tests and tests for the characteristics of
mortar, as well as shaking table tests as a basis
for verification of the methodology.

In the first phase of this project, data acqui-
sition on 54 Byzantine churches was per-
formed as a basis for investigation of their ex-
isting state, main characteristics and structural

T top level

systems. Four representative buildings were se-
lected for investigations that provided applica-
ble and useful results for definition of a seis-
mic strengthening methodology. Out of these,
St. Nikita church was selected for detailed ana-
lytical and experimental investigations, includ-
ing seismic shaking table testing of a model.
The structural system of these buildings con-
sists mainly of massive walls and two rows of
symmetrically placed columns that support the
vaulted areas and the dome via a system of
arches and pendentives (fig. 1).

For the structure of the prototype church
St. Nikita — v. Banjani, definition of the physi-
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Fig. 2. Natural dynamic characteristics of the prototype church.
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cal-mechanical and chemical characteristics of
the built-in materials, as well as definition of
seismic parameters were performed. Apart
from this, detailed investigations of the main
dynamic characteristics were carried out by ap-
plication of the ambient vibration technique
(fig. 2), and analysis of the seismic stability of
the existing structure was performed for the
purpose of evaluating the ultimate bearing ca-
pacity.

3. Design and construction of the
scaled model

Shaking table tests of the prototype model
were performed to define the existing charac-
teristics of the building and to verify the devel-
oped methodology for repair and strengthen-
ing. To design a model to be tested on a seis-
mic shaking table it is necessary to define the
parameters of similarity between the model
and the prototype in compliance with the basic
principles of model analysis on the one hand,
and the precisely defined objectives of the in-
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vestigation on the other. Satisfying these re-
quirements, the three main scales were adop-
ted, i.e., the geometrical scale of 1r = 1:2.75,
the scale of the specific density of the material
to be used for the construction of the model
rr=1 and the scale of the stresses Er=1. On
this basis, the scales of all the remaining char-
acteristics of the model were defined by using
the corresponding scaling factors.

The model was constructed in the Dynamic
Testing Laboratory of IZIIS to a scale of
1:2.75 (fig. 3) and according to the designed
proportions. Original materials taken from ar-
eas surrounding the church were used for the
construction of the model. The walls of the
model were constructed in typical Byzantine
style with two faces filled with limestone and
small pieces of stones and bricks in between.
Apart from the static tests of samples of built-
in materials (tufa, bricks and mortar), quasi-
static tests of three wall elements (1 m x 1 m)
were performed under axial and shear pressure
in order to obtain the experimental values for
the elasticity modulus, the compressive and
tensile strengths as well as some of the failure
mechanisms.
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Fig. 3. Comparison between the prototype and the model.
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4. Shaking table testing of the model

The main objective of this experimental
testing is the evaluation of the building vulner-
ability under different earthquake intensities as
well as selection of a procedure for repair and
strengthening of the damaged building.

A programme was adopted for experimental
testing under earthquake excitations performed
by gradual increase of intensity for the purpose
of monitoring the progressive development of
cracks, the modification of the dynamic char-
acteristics, the behavior phases and the failure
mechanisms. The model was exposed to differ-
ent types of earthquakes, i.e., the Breginj earth-
quake (type of a local shock), the Petrovac
carthquake and the El Centro earthquake
(earthquakes from distant foci) that were se-
lected from both seismic hazard and structural
response aspects. These were properly scaled
and applied with maximum amplitudes from
0.02 g to 0.43 g. Table I shows the testing pro-
gramme with the maximum accelerations and
relative displacements recorded at two charac-

teristic locations, i.e., the top of the dome and
the level of the vaults (level 1).

It can be concluded that the elastic limit in
the model structure takes place at a,,,, = 0.17 g
(El Centro). A, =0.19 g (Petrovac) already
induces the first larger cracks in the upper part
of the tambour accompanied by minimum
crushing and loss of material from the arches
and cornices as well as formation of micro-
cracks in the bearing walls — a state of initial
nonlinearity in the behavior of the main struc-
ture and initial stage of occurrence of large
damage to the secondary parts (fig. 6).

At an a,,, =0.43 g (El Centro), the model
suffered large nonlinear damage, close to the
state of failure. The main failure mechanism in
the initial stage is the loss of structural in-
tegrity and development of cracks through the
main vaults after which damage occurs in the
bearing walls. This is confirmed also by the
drop in the natural frequency of the model
from 11.2 to 6.6 Hz.

Generally, it may be concluded that the
model behaves as a rigid body (type of box
system) in the elastic stage. At the stage of oc-

Table I. Specification of earthquake excitation tests performed for the original model.

Maximum response

Input

Test No.  Test code Earthquake acc. Acc. (g) Acc. (g)  Disp. Disp. Cracks
(®) level 1 top level 1 top
(mm) (mm)
6 PETO05N Petrovac 0.02 0.02 0.04 - -
7 ELCO05N El Centro 0.02 0.02 0.04 - -
8 BREOO3N Breginj 0.02 0.05 0.10 - -
9 PETO12N Petrovac 0.04 0.18 0.16 0.7 0.7
10 ELCO15N El Centro 0.04 0.05 0.11 0.8 0.7 None
11 PETO035N Petrovac 0.10 0.22 0.49 1.9 2.2
12 ELC045N El Centro 0.12 0.18 0.40 1.8 1.8
13 BREOO6N Breginj 0.08 0.17 0.41 0.9 2.3
14 ELCO085N El Centro 0.17 0.29 0.55 2.5 2.6
15 PETO75N Petrovac 0.19 0.39 0.76 53 11.1 On tambour
16 BREO12N Breginj 0.17 0.22 0.52 1.8 4.5
18 ELC130N El Centro 0.43 - - - - Failure
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currence of the first cracks, separation of the
bearing walls takes place, the west and east
walls being more extensively damaged due to
the testing direction (N-S).

5. Repair, strengthening and testing
of the strengthened model

The methodology of strengthening and the
seismic safety criteria have been defined on the
basis of investigations of the structural re-
sponse to expected earthquakes and seismic
stability analysis taking into account the main
characteristics and artistic-historic value of the
structure.

7]
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Section at timber ties level

Fig. 4. Applied method of strengthening.

Three seismic safety criteria have been de-
fined in practice. For the considered historic
monument, they can be classified as follows:

a) under slight earthquakes, the dynamic
behaviour of the structure should be such that
it assures no damage to both structural and
nonstructural elements;

b) in the case of stronger earthquakes (de-
sign earthquakes), damage to the main struc-
tural system is not allowed, while there may be
slight deformations of nonstructural elements;

c) the maximum expected earthquakes
should not disturb the stability of the main
structural system. More severe deformations to
nonstructural and structural elements are al-
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lowed only if the elements of the whole struc-
ture have suffered repairable damage.

For each historic monument, the design cri-
teria are defined on the basis of special condi-
tions depending on the historic value of the
building, the seismic hazard and the possibility
for application of the corresponding measures
for repair and strengthening which are directly
related to the conservation and restoration cri-
teria and the corresponding seismic safety
measures.

On the basis of the evaluated seismic stabil-
ity of the model of «St. Nikita» church, a re-
pair and strengthening method has been
adopted for increasing the strength of the exist-
ing structure and improvement of its ductile
behaviour.

The strengthening method that has been
adopted in the considered case implies incor-
poration of steel ties at places of formerly ex-
isting timber ones, and filling the space around
them which an adequate material in order to
enable connection (adhesion) with the existing
masonry. It provides integrity of the structural
system and enables simultaneous behaviour of
all the bearing walls. Also, at the state of oc-
currence of cracks, i.e., exceedence of the bear-
ing capacity of masonry, the steel ties are acti-
vated and enable further vibration of the struc-
ture.

Apart from the horizontal elements, from
the aspect of increasing the moment resistance
and ductility capacity of masonry, this
strengthening method also anticipates incorpo-
ration of vertical elements at the ends of the
walls and besides the openings for the purpose
of sustaining tensile forces from the overturn-
ing moments during dynamic vibrations.

The model was repaired and strengthened in
accordance with the defined methodology that
was applied and demonstrated in a laboratory
by a realistic approach (fig. 4).

1) the strengthening method involved in-
corporation of horizontal steel ties at locations
formerly occupied by timber belts, at levels of
0.74 m, 1.76 m (in the bearing walls), 2.60 m
(at the base of the tambour) and 4.00 m (at the
base of the dome);
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2) repair of the model was done by injec-
tion of the larger cracks after a corresponding
surface treatment and cleaning. The injection
of the specially prepared emulsion was per-
formed through metal tubes placed at separa-
tions of 20 cm, under a pressure of 0.6 to 1.2
atmospheres;

3) for the purpose of increasing the bend-
ing resistance and the capacity for ductile be-
havior, a concept of structural strengthening
was adopted involving incorporation of vertical
steel ties at the ends of the walls, around the
openings and through the tambour columns. A
certain amount of prestressing was applied,
whereby the axial stresses are increased at plan
(so) and hence the tensile bearing capacity
(fig. 4).

6. Shaking table test of strengthened model

The strengthened model was subjected to
the same series of dynamic tests as the original
model in order to make a direct comparison of
the values of interest and to check the effi-
ciency of the strengthening method. Because of
the obviously higher resistance of the model, it
was further tested under higher input accelera-
tion levels. A listing of the tests that were per-
formed along with the characteristic output ac-
celerations and relative displacements is given
in table II.

It should be pointed out that in all the tests
of the original and strengthened model high
amplification values of acceleration of the
dome top were obtained due to the significant
damage inflicted to the main vaults (level 1),
(fig. 5, table II). It can be concluded that the
nonlinear state of the repaired model started
when applying the Petrovac earthquake with
Amax = 0.40 g. In order to obtain the stages of
nonlinear behavior and estimate the damage
level for higher expected earthquake effects,
tests were carried out by applying the El Cen-
tro carthquake with a gradual amplitude in-
crease up to 0.49 g. At this level, cracks in the
load carrying walls, the tambour arches and
damage to the dome occurred. The application
of a series of tests with a higher intensity
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Table IL. Specification of earthquake excitation tests performed for the strengthened model.

Maximum response

Test No.  Test code Earthquake I;lg:.t [?fzcvcél(gi) ACtCO.p(g) lglieslp '1 Dt i)sg' Cracks
® (mm) (mm)
19 BREO012S Breginj 0.15 0.29 0.54 1.9 2.0
21 ELC130s El Centro 0.25 0.50 0.79 7.8 15.8 None
22 PET100S Petrovac 0.28 0.53 0.80 7.5 9.8
23 BRE020S Breginj 0.28 0.20 0.40 5.0 6.5
25 PET140S Petrovac 0.42 0.77 1.36 18.8 21.2 First crack
26 ELC175S El Centro 0.33 0.65 1.10 15.2 18.3
27 BRE027S Breginj 0.38 0.34 0.79 7.4 10.1
29 ELC220S El Centro 0.41 0.87 1.49 17.7 28.3
30 ELC280S El Centro 0.48 0.91 1.59 18.0 57.0 Development
33 BRE020S Breginj 0.28 0.20 0.40 5.0 6.5 of
34 ELC150S El Centro 0.29 0.41 0.79 12.8 20.8 cracks
35 BRE040S Breginj 0.55 0.33 0.55 8.5 12.8
36 ELC280S El Centro 0.48 0.91 1.59 18.0 57.0
37 BRE053S Breginj 0.75 0.64 0.50 8.0 17.1
38 ELC320S El Centro 0.76 0.77 1.41 20.6 56.7
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Fig. 5. Acceleration time histories (ELC1508).
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(up to ay.=0.75 g), gave rise to severe dam-
age to the nonstructural elements (arches,
cornices, lintels) and occurrence of cracks that
were mainly concentrated in the west wall (fig.
7a,b). However, the overall stability of the
model was not affected and the damage that
did occur was repairable.

7. Comparative analysis of the original
and strengthened model test results

— The comparison between the main dy-
namic characteristics of the original and the re-
paired model points to a negligible increase in
the stiffness of the repaired model.

— The response under acceleration level of
Amax = 0.19 g shows that the original model
suffers the first nonlinear cracks, whereas com-
plete elasticity is evident for the repaired
model (fig. 6).

— Under ay,,,=0.43 g the original model
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Fig. 6. Comparison between P-D diagrams for ori

Apax = 0.20 g).

shows large nonlinear damage, close to the
state of failure, whereas the repaired model is
still in the elastic limit — initial nonlinearity
stage.

— Finally, under the maximum acceleration
(@max = 0.75 g), the repaired model is far into
the nonlinear state. However, taking into ac-
count the presence of ductile elements, this
state is still far from failure.

— The comparison between the levels of the
applied maximum acceleration for the origi-
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ginal and strengthened model (Petrovac earthquake,

nal (an, =043 g) and the repaired model
(amax = 0.75 g) points to the fact that the degree
of damage to the repaired model is consider-
ably lower despite the almost doubled excita-
tion level (fig. 7a,b).

— The failure mechanism following strength-
ening was qualitatively different from that of
the original model. Separation of bearing walls
and occurrence of almost vertical cracks in
these walls did not take place in the repaired
model. Instead, failure occurred at the lower
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Fig. 7a,b. Comparison between types of failure (west facade). a) Original model after El Centro earthquake,
Amax = 0.43 g; b) strengthened model after El Centro earthquake, dy,, = 0.76 g.

part of the walls (fig. 7a,b) and, in the final
stage, diagonal cracks due to shear effects were
observed.

8. Conclusions

— On the basis of a detailed seismic stabil-
ity analysis of the existing state of St. Nikita
church (selected as a prototype) performed by
consideration of the defined seismic parame-
ters, it is concluded that the building is very
likely to experience complete failure during the
maximum expected earthquake. This imposes
an urgent need for preventive measures.

— The proposed methodology for seismic
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strengthening complies with the basic princi-
ples for conservation and protection of historic
monuments, it is easily applied and satisfies
the criterion of «minimum intervention — maxi-
mum protection».

— The experimental results show conclu-
sively that the applied methodology for repair
and seismic strengthening increases the bearing
and deformability of the structure up to the re-
quired design level of protection.

— The results of the experimental testing of
the church model are also valid for the proto-
type, and, in view of the manner in which the
prototype was selected, we believe that the
knowledge gained in this study is applicable to
the analysis of a large number of monuments
of the same or similar types.
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