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ABSTRACT

The experimental results presented in this paper are part of
a Joint Research Project performed between the University of
Bologna, Italy and the University of Skopje, Republic of
Macedonia. The hypothetical prototype of a simple brick masonry
structure with reinforced concrete columns was designed as a
representative from the site selected buildings. For this
hypothetical structure, a true replica, 1/3 scale model was
constructed and tested under various earthquake time  histories.
Applying different strengthening concepts to the same original
model, two strengthened models were built and tested under the
same earthquake time histories as the first model. The discussion
of the results is done on their difference in the structural
behaviour in respect of the variation of the dynamic
characteristics, strength and ductility capacity as well as the
mechanism of failure. Two of the tested models were repaired by
“cement injection and tested again under the same experimental
programme.

INTRODUCTION

In this paper a part of the results from the research pro ject
"Basic and Applied Study for Seismic Modelling of Mixed
Reinforced Concrete Masonry Buildings", realized Jointly by the
Istituto di Tecnica delle Costruzioni and the Istituto di
Scienza delle Costruzioni both from the Ministry of Bologna, and
the Institute of Earthquake Engineering and Engineering
Seismology (IZIIS), University "St. Cyril and Methodius", Skop je,
Republic of Macedonia, are presented. Within the scope of this
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project realized in the period 1988 - 1991 eight Jjoint reports
have been published covering the entire analytical and
experimental results. The primary objective of this project was
to develop an appropriate strengthening technology of the
existing hotel building in Rimini, constructed as a mixed
structural system of brick masonry and reinforced concrete. The
first storey of these buildings is mainly constructed of RC beams
and columns and brick walls, while the upper storeys are
constructed of brick masonry.

For such buildings, the selection of the strengthening
strategy depends upon many factors among which are the age of the
building and its historic value, the quality of the wused
structural materials and structural system, the expected seismic
hazard level, the soil conditions, the geometrical configuration,
the category of building, the urban disposition, etc. All these
factors, along with the economic value of the building, have an
essential influence upon the decisions of the engineers who has
to apply a particular strengthening technology for a particular
case. The strengthening demands determine the strengthening
strategy that has to provide the required seismic safety of the
considered case. Based on the gathered knowledge and experience,
the strengthening demands are classified into the following
categories: to increase the strength, to increase the ductility,
to control structural behaviour, and combination of the above
three aims.

In the research part of this project, dealing with the
“'shaking table tests, the strengthening technology was proposed to
be a combination of increasing both strength and ductility and,
additionally, with combination of structural control behaviour.
The differences of the studied technologies are discussed in
this paper in terms of changing of .the dynamic properties,
increasing of the strength the and ductility capacity and the
mechanism of failure. '

DESCRIPTION OF THE SHAKING TABLE MODELS

Out of several pre-selected buildings at the site, one of
them was selected to be the most reliable representative of all
the hotel buildings in Rimini. This hotel building has four
storeys. The structure of the first floor consists of RC beams
and columns and several brick walls, while the upper three floors
are constructed in a brick masonry. Based on forced and ambient
vibration measurements and mathematical modeling of the prototype
building, a hypothetical building consisting of four floors has
been designed. For this hypothetical building the torsional
effect was neglected to, by which are eliminated most of the
already existing uncertainties. Also, for this hypothetical
building a true replica model was designed in a geometrical scale
1/3 using the similitude requirements presented in Table 1.
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Based on the above scaling requirements, appropriate model
materials have been developed. So, for the regular brick size of
25%12x6,5 cm, a brick model of 8x8x4 cm in size of the same
material, quality and technology as the prototype brick was
produced. According to the similitude requirements, the Young’'s
moduli of the mortar are approximately two times lower, compared

Table 1. Similitude ratios of the models

Similitude Scaling Model
parameters factors value
Length L =1L 1/3 L

LN V7 ' p
Time T = (L) 0.577 T

r r : p
frequency f = 1/T 1.730

r "1/2 P
Velocity vV = (L) 0.577 V

ro. r p
Acceleration a=1 1.0
Ductility P = Er/Lr l.Spp
Strain cr =1 1.0
Stress o =E 0.5¢

r r p
Young’s Modulus Er = 1/2 0.5 Ep
Displacement d =1L : 1/3

r ro,
Inertia force Fr = E L 1/18F

rr p

to the prototype ones, and the same applies to the concrete
material as well. The model was designed using the geometrical
scale of 1/3. In need of space, the geometries of the three
models are shown in the same figures whereby.
Basically three fully identical models were considered. Model

2 and model 3 were strengthened applying two completely different
methods, while model 1 was considered to be the original and it
was treated as a reference model. Model 1 and model 3, after
testing up to a significant level of damage, were injected by
special mortar and tested again under the same loading conditions
as models 1, 2 and 3.
The geometrical properties of all the models are shown in figures
1 and 2, while the cross section of model 3 is presented in

figure 3. Strengthening of walls 1 and 2 by RC jackets of model 2
is shown in figure 4 while details of corner strengthening of the
same model is shown in figure 5.

63




The model 3 was strengthened by a centrally located RC core. The
RC core at the base is designed in such a way (figure 6) that it

allows rocking of the base up to the certain level.

So,

the

bending bearing capacity of the core at the base is significantly
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DESCRIPTION OF THE TESTS

The testing of all the models is performed on the biaxial
shaking table at the Dynamic Testing Laboratory of the Institute
of Earthquake Engineering and Engineering Seismology, in Skopje.
The models, with a total mass of 170 kN, for model 1, and up to
around 200 kN, for models 2 and 3 and a height of 4.6 m were
constructed on the shaking table, 5m x 5m in plan. Since the
bearing capacity of the crane is 100 kN, the third and the fourth
floor of the models had to be constructed on the shaking table
itself. Consequently, the models were constructed and transported
without initial cracks.

The experimental programme consists of two parts:

- Definition of the dynamic characteristics of the models
(natural frequencies, mode shapes and damping capacities) using
the forced vibration method, impulse excitation and random motion
test.

- Seismic excitation, using five different earthquake time
histories (El Centro 1940; Parkfield 1966; Montenegro 1979,
records obtained at Bar, Petrovac and Friuli 1976 records at
Breginj, Slovenia).

For recording of the dynamic response of the model, a data
acquisition system was used consisting of 30 channels, out of
which 6 accelerometers, 13 displacement transducers (LVDT’s), 4
linear potentiometers, 2 clip gages and 3 strain gages.

The definition of the dynamic characteristics was carried out
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at the beginning, then after a number of earthquake simulations ,
and at the end of the testing. From these tests, the relationship
of the natural frequencies reduction upon the level of cracking
was obtained.

In the beginning, seismic testing of the models was carried
out fer all five earthquake types in linear range, in order to
determine the sensitivity of the models to the considered
earthquake time histories. For this purpose, 15 runs were
performed, and then, the testing was continued applying E1l
Centro, Friuli (Breginj) and Montenegro (Petrovac) earthquakes.
Applying these three earthquakes, totally 28 runs were performed,
until the appearance of visible nonlinearity, and then simulation
with only the Petrovac earthquake was carried out until the
occurrence of considerable damage to the model.

The above testing scenario was performed for all the models
simulating always earthquakes of the same acceleration on the
shaking table. Having in mind that models 2 and 3, compared to
model 1, are of considerably higher strength, destructive tests
were performed only with the Petrovac earthquake and for
significantly higher peak acceleration level of the shaking
table. The maximum simulated peak acceleration was 0.51 g, for
model 1, and 1.07 g, for models 2 and 3.

STRUCTURAL BEHAVIOUR

‘Out of the significant volume of experimental results,
obtained by the performed tests on the models, consideration in
this paper will be given to the dynamic characteristics, models
bearing capacity and the failure mechanism. The experimental
values can be easily compared, since in all the cases the same
monitoring system and the same data processing and data
presentation pattern as well as the same order of earthquake
simulation on the shaking table was applied.

The dynamic characteristics were defined applying the known
methods in experimental mechanics. It 1is interesting to be
pointed out how the resonance frequency was modified depending
on the previously generated acceleration level on the seismic
shaking table, i.e., the intensity of the micro and macro cracks
of the model (figure 7). It is obvious from this figure that
model 3 has the highest initial stiffness, then model 2 and,
finally, model 1. However, on the other hand, the stiffness
deterioration is the lowest for model 1, while model 2 and' model
3 show identical behaviour. The model shapes are characterized by
prevailing shear type (models 1 and 3), while model 2 has
prevailing bending type of vibration. The viscous damping
coefficient, defined from the frequency response curves, in all
the three cases, range between 2 and 3%. The torsional frequency
is twice the value of the first frequencies of the translation
al mode shapes.
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The relationship of the shear force of the first floor in
function of the relative storey displacement, for all the tested
models, is presented in figure 8.

This figure shows the variation of the initial stiffness of
the models, changing of the ductility and the ultimate strength
capacity. It 1is obvious from this figure that the highest
strength capacity is observed for model 3, while the lowest one
for model 1. Model 1, repaired by special cement injection, has
almost the same structural behaviour as the original one, while
model 3, repaired with the same injection material as in the case
of model 1, shows quite a different behaviour than the original
model 3. The difference in the behaviour results from the fact
that only the brick walls were repaired by injection, but not the
RC core, which had also cracks along its height.

Based on the analysis of the damage mechanisms of the five
tested models, because of the limited space of the papers, which
does not allow their graphical presentation, the: following
conclusions can be drawn regarding their spatial distribution:

- The damage mechanism of model 1 is located at the first
floor and it is both of shear and bending type.

- Model 1, repaired by cement injection , is characterized by
considerable damage to the second floor and very slight damage to
the first floor, but at a completely different location, compared
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to the cracks which developed in the case of the original model
1. Disattachment of the injected mass from neither the brick nor
the mortar was observed.

- In the case of model 2 (model 1 strengthened by RC external
walls) the damage mechanism was located mainly in the brick walls
of the first, second and the third floor level without external
RC walls. The observed cracks were of shear type. In the RC
walls, damage was observed in the first floor, prevailing of
bending type.

- For model 3, the damage mechanism was uniformly distributed
to all the walls from the first to the fourth floor level and it
was of prevailing shear type. Some cracks to the RC core were
also observed. Such a damage mechanism, corresponding to an
ideally designed structure, is imposed by the mechanism of the
structural behaviour of the RC core. Namely, the given
possibility of the RC core for rocking at the base enables
providing of an equal relative storey displacement at each floor
level.

Model 3, repaired by cement injection, showed an identical
damage mechanism as the original model 3. Namely, cracks were
observed along the height of all the walls, from the first to the
fourth floor level. The cracks developed along completely new
lines compared to those of the original model 3. Disarmament of
the injected mass was observed from neither the bricks nor the
mortar. No injection of the RC core cracks was carried out. This
results into a considerable difference in the overall structural
behaviour between original and repaired model 3.

CONCLUSIONS

Strengthening of structures is, in general, a very
responsible and complex task which structural engineers are faced
with, especially when the strengthening has to be performed by
using materials different than those the structure is built of.
Each particular case requires a research for itself before
decisions are to be made as to choosing the appropriate
strengthening strategy. One of the most responsible tasks in
making decisions regarding the strengthening strategy is
diagnosis of the existing bearing capacity of the structure and
the mechanical properties of the used materials and structural
elements.

The experimental results, obtained by testing of models,
provide a sufficient volume of data for selection of a technical
solution for strengthening of masonry structures, that will
insure the required seismic safety of a structure at an
economically acceptable cost. The studied strengthening
technologies enable application of <combined strengthening
solutions, depending on the geometry of the structures and their
purpose.
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Bu galigmayla sunulan deneysel sonuglar Makedonya Cumhuriycti‘nin Uskiip
Universitesi ile italyamn Bologna Universitesi arasindaki ortak aragtirma
projesinin pargalaridir. Uygulamasi yapilmig bazi1 yapilar temsil etmek iizere,
betonarme kolonlu, basit tugla ylgma bir yap1 drnek olarak boyutlandmlm1§t1r
Bu modelin 1/3 dlgegindeki benzeri inga edilmig ve degisik deprem yiikleri igin
denenmistir. [lk modcle uygulanan degisik giiglendirme yollarindan sonra iki
gliglendirilmig modecl inga cdilmig ve ilk modelc uygulanan depremin etkisinde
denenmistir. Sonuglarin iartigmasi, gogme modlan, siineklik kapasitesi,
mukavemet ve dinamik 6zelliklerdeki degigime dayali olarak yapisal davramgtaki
farkliliklar iizerinde yapilmigtir. Denenmis modellerden ikisi gimento enjek-
siyonu ile onarildiktan sonra, ayn1 deney diizeni iginde yeniden dencnmigtir.
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