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ABSTRACT

Seismic Assessment and Retrofitting Strategies for a Prominent Masonry
Structure affected by Earthquake

Sterkaj, Jozefina
Master of Science, Department of Civil Engineering

Supervisor: Assoc. Prof. Mirjam Ndini

In Albania, masonry is still widely used in construction. It reached its peak during the
communist era (1944-1990), when structures with load-bearing stone walls were built
using the Albanian Building Code (KTP) as a guide. The November 26, 2019,
earthquake highlighted these structures' susceptibility to seismic activity, which calls

for a careful assessment of their seismic resilience.

This study highlights the importance of modern retrofitting methods on older buildings
in the protection of architectural history in areas that are vulnerable to earthquakes. An
unreinforced masonry building (URM) constructed in the year 1940 in Tirana is the
subject of the seismic performance evaluation. First, a thorough site examination is

conducted, then samples of the masonry units are taken out of the chosen structure.

The numerical study uses a macromodelling technique with the TREMURI finite
element analysis tool, including mechanical features obtained from experimental test
data. According to the investigation, the URM building exhibits minimal damage and
remarkable seismic resilience. This means that strengthening modifications may

improve its seismic performance.

The analysis results show that the URM building suffers moderate damage under
seismic loads. A post-intervention analysis to highlight the seismic performance

improvements are recommended as possible future works.

The study concludes by suggesting a chosen strategie of intervention based on the
damage of the structure. It is advised that future research carry out a post-intervention
analysis that evaluates and highlights possible enhancements in seismic performance.

This study adds to the current conversation on seismic resilience by offering insightful



information about retrofitting techniques for Albania's ancient masonry buildings,

especially in light of the country's recent seismic incidents.

Keywords: Unreinforced masonry buiding, risk assessment, finite element modelling,

non-linear static analysis, seismic action, strengthening.



ABSTRAKT

Vlerésimi Sizmik dhe Ményrat e Pérforcimit té njé Objekti té Réndésisé
sé Vecanté prej Murature e ndikuar nga Térmeti

Sterkaj, Jozefina
Master | Shkencave, Departamenti i Inxhinierisé sé Ndértimit
Udhéhegeési: Assoc. Prof. Mirjam Ndini

Né Shqipéri, muratura vazhdon té pérdoret gjerésisht né ndértim. Ndértimi me tulla
arriti kulmin gjaté periudhés komuniste (1944-1990), kur projektet tip té ndértimeve
té objekteve me mure mbajtés té ngarkuara u projektuan sipas udhézimeve té Kushtit
Teknik té Projektimit (KTP). Aktiviteti i larté sizmik i Shqipérise vecanwrisht twrmeti
i 26 néntor 2019 tregoi dobésine e kétyre strukturave ndaj forcave té térmetit dhe e béri

verifikimin e rezistencés sé tyre sizmike njé ¢céshtje pér tu marré parasysh.

Ky studim nénvizon réndésiné e adaptimit té teknikave moderne té riparimit pér
ndértime historike, duke siguruar mbrojtjen e géndrueshme té trashégimisé
arkitektonike né rajonet me rrezik sizmik. Njé ndértesé me muré té papérforcuar
(URM) e ndértuar né Tirané né vitin 1940, ajo éshté pérzgjedhur nga stoku |
ndértimeve dhe i &shté nénshtruar njé vlerésimi seizmik té performances. Procesi fillon
me njé hetim né vendin e ndértimit, ku merren mostra té njésive té murit nga ndértesa
e studiuar. Teste eksperimentale kryhen sipas rregullores ASTM C67-09, ku
pércaktohen pronat e materialeve té njésive té murit. Programi analitik me elemente té
kufizuara TREMURI pérdoret pér fazén e analizés numerike. Ndértesa modelohet
duke pérdorur gasjen e makromodelimit dhe karakteristikat mekanike t& murit merren

nga rezultatet e testeve eksperimentale.

Vi



Rezultatet e analizés tregojné se ndértesa URM shfaq njé rezistencé simike té ulét duke
treguar déme té moderuara, késhtu gé ¢cdo ndérhyrje pér forcim mund té jeté e mundur.
Né fund, prezantohen njé teknike ndérhyrjeje, mé e pérdorura gjaté kétyre viteve né
vendin toné. Rekomandohet njé analizé pas-ndérhyrje pér té theksuar pérmirésimet né

performancén seizmike si puné té mundshme né té ardhmen.

Fjalét kyce: Muraturé e papwrforcuar, Analiza statike jolineare, modelim me metodén

e elementeve té fundwm, veprimet sizmike, metoda pérforcimi.
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CHAPTER 1

INTRODUCTION

General

The recent powerful earthquakes in Albania have starkly revealed the insufficient
seismic resilience of the current inventory of buildings. Albania, situated at the
intersection of the Eurasian and African tectonic plates, experiences seismic activity
that poses a significant risk to its built environment. A powerful earthquake struck the
central-western region of Albania on November 26, 2019. It was given a Mw 6.4
rating. The epicenter of the earthquake was situated offshore in the northwest of
Durrés, approximately 7 km north of the city and 30 km west of Tirana, the country's
capital. It had a focal depth of roughly 10 kilometers [1]. The predominant types of
buildings in Albania's building stock are structures with massive load-bearing walls
and buildings with reinforced concrete skeleton systems and non-load-bearing
partition walls made of bricks or concrete [2]. In some cases, mixed systems are also
observed. The majority of current buildings have been constructed based on the
Albanian seismic code, which were first implemented as legal provisions in 1963 and
have been improved and updated in 1978 and 1989. Many structures, including those
from the 1940s, were designed and constructed before the advent of modern seismic
design codes, raising questions about their structural integrity under seismic loading.
Taking into account earlier seismic codes (such as KTP-63, KTP-2-78, KTP-N.2-89)
where seismic loads were either not considered or were considered very low during
the design process, this has resulted in a deficiency. To address this deficiency, there
is a growing need for seismic assessment and retrofitting of existing buildings to bring
them up to modern seismic safety standards. Retrofitting measures can include
strengthening structural elements, adding bracing systems, and improving the overall
seismic performance of the building [9]. These efforts are crucial for reducing the risk
of damage during seismic events and also necessary for preserving cultural heritage.
One notable category of structures in Albania comprises those constructed in the
1940s, characterized by their load-bearing concrete block walls. These buildings,
representative of their time, have contributed significantly to the country's urban

fabric, offering both historical and architectural value.



This paper aims to investigate the behavior of load-bearing concrete block structures
from the 1940s in Albania when subjected to seismic forces. In addition to analyzing
the existing structural vulnerabilities, this study addresses the critical aspect of
retrofitting. Despite the scarcity of literature on load-bearing masonry structures as a
traditional building technique, the inspection conducted on site, along with the
expertise group, has been instrumental in comprehending all the existing damages to
the structure. The findings of this research will not only contribute to the understanding
of the behavior of load-bearing concrete block structures combined with clay bricks
but will also offer practical insights into the seismic retrofitting of historical buildings,
a topic of global significance in the realm of structural engineering and heritage

preservation.

Objective of thesis

The primary goal of this thesis is to evaluate the seismic performance and safety of a
three-story unreinforced masonry (URM) structure constructed at a time when seismic
evaluation wasn’t considered during design calculations. The building was constructed
in accordance with the outdated Albanian Desing Code [KTP-63]. Taking into account
the nonlinear behavior of structural elements is crucial in order to get the results of the

pushover analysis which are used to evaluate the structure's performance.

Future research should consider focusing on the enhancements in seismic performance

through a post-intervention analysis.

Scope of work and methodology

Because it was so affordable, masonry was commonly employed in Albania
throughout the communist era (1944-1990). An approach to performance-based
evaluation is necessary to appraise their real circumstances. In general, analyzing
existing structures calls for distinct and different techniques than analyzing new

structures. Non-linear static analysis was performed utilizing the following tools:
e TREMURI

e Excel



Organization of the thesis

The organization is conducted as below:

e Chapter 1: Introduction provides essential information about the topic and

outlines the objectives addressed in this thesis.

e Chapter 2: Sources introduces the references and resources that supported
data collection.

e Chapter 3: Assessment focuses on the evaluation of the case study
building.

e Chapter 4: Methodology outlines the research approach adopted for the
study.

e Chapter 5: Laboratory Tests details all the conducted laboratory

experiments.

e Chapter 6: Analysis Results presents the findings from linear modal and
non-linear static analyses, including interpretations such as first modes and

pushover curves for the case study buildings.

e Chapter 7: Methodology and Proposed Strengthening of Existing Structure
delves into the proposed strengthening methods, forming a crucial part of

the research.

e Chapter 8: Reinforced Buildings interprets the results of the reinforced

case study buildings, emphasizing pushover curves.

e Chapter 9: Data Interpretation and Conclusion compiles results from
previous chapters and involves a thorough comparison, investigation, and
deduction. This chapter concludes with overall findings, research

limitations, and recommendations for future studies.



CHAPTER 2

LITERATURE REVIEW

Understanding the displacement capability under seismic forces of a unreinforced
masonry object is given particular attention in this chapter. In order to analyze
buildings' vulnerability, several writers have developed different theories and
evaluation techniques. This chapter includes a comprehensive assessment of the

literature covering the following important subjects:
e Construction codes
e The Albanian territory's seismicity
e Failure mechanisms of masonry wall

e The material properties of masonry structures and the methods used to

ascertain them

e Response Spectrum
2.1 Earthquake design codes

Since Albania is a European country gradually bringing itself into compliance with
EU norms, the European Codes (EC) are mandatory laws when it comes to building.
To find any possible code flaws, it is imperative to compare these codes with the
Albanian KTP (Kushti Teknik i Projektimit). Two notable European standards are EC-
6, which deals with guidelines and regulations for masonry buildings, and EC-8, which

describes the requirements for seismic design in structures.

The first building code issued in Albania at the time was KTP-1952, which established
basic guidelines for construction. However, it had significant flaws, particularly in
seismic analysis because seismic factors were poorly understood and building methods
mostly depended on streamlined computations and prior knowledge [KTP-52, 1952].
Consequently, KTP-1963 [KTP-63, 1963] was established as the primary source of
reference for building rules in 1963. This ordinance has a sizable section on masonry,

which was indicative of the widely used building methods of the time.



The principal regulation governing masonry constructions that included seismic
calculations was KTP-N.2-78. After the disastrous 1979 earthquake in Shkodra, which
severely damaged many masonry structures erected under KTP-63, revisions were
made, but the seismic requirements in KTP-89 and other later codes remained
unchanged. The seismic demand in Albanian Design Codes, when compared with EN
1998-1 is observed to be lower.

2.1.1 KTP-N.2- 89 Design Codes

The design criteria of KTP-N.2-89, provide the minimum allowable values for the
physical and materials’ mechanical characteristics to be used. As shown in Table 1,
the class of mortar and clay brick result in having a value of compression strength of

awall.

Table 1. Resistance of masonry in MPa depending on the mortar strength and the

type of bricks according to the Albanian design codes (KTP-N.2-89).

Clay brick Mortar class kg/cm2

class (kg/cm2) 100 75 50 25 15 4 0
150 22 20 18 15 13.5 12 8
100 18 17 15 13 11 9 6
75 15 14 13 11 9 7 5
50 - 11 10 9 7.5 6 35

The formula for seismic force is conducted as below:

Exi = Kg * Ky % @ * By * I * Qg 1)

Qy s considered as a vertical force (summation of 0.9 W+0.4 short duration load +

0.8 long duration load).

N=03+ % interim load (2
Ny = % , coefficient floor distribution ©)

Y is considered coefficient for elasto-plastic work as weel as 3; is knows as dynamic

coefficient

Kg is referred as seismic coefficient



K. is considered importance factor

n referred to number of floors
3, ) (4)
T = C¢H+, Vibration’ Period

Another parameter is: g; = 0.8/T (5)

The Equation 6 consideres spectral acceleration as shown below:

Sa=Kp*Kpx+pi+g (6)
Table 2. Value of structural coefficient
Structural coefficient Y
0.45-for building with
unreinforced masonry
walls
0.38- for Builing of

reinfoeced masonry walls

Table 3. Values of Dynamic Coefficient f3;

Soil 1 Soil 11 Soil 111
B_i=0.7/T B_i=0.8/T B_i=1.1/T
0.65<B_i<2.3 0.65<B_i<2 0.65<B i<1.7
Table 4. Value of importance factor K,
Description of building Importance factor
Extraordinary importance 15-4
Special importance 1.2-15
Normal importance 1
Secondary importance 0.5
Temporary 0



Table 5. Value of seismic coefficient K

Soil’ Seismic intensity
Category VIl VIII X
| 0.08 0.16 0.27
1 011 0.22 0.36
11 0.14 026 042
2.1.2 Eurocode 6 and 8

The presence of defiences in the Albanian design codes has lead to understanding more

of EN-1996 which represents the basic code for masonry structures[3].

The general formula to calculate the compresssive strength of unreinforced masonry

as shown in the Equation 7 is crucial in order to obtain the material parameters.
fi = k* £ * £9,25 (7
f, and f,, are referred as brick and mortar strength

Table 6. Value of k factor [EN 1996-1, 2005]

Type of brick Solid Bricks Rectangular vertical holes Circular vertical holes
k=0.6 k=0.55 k=0.5
More than 1 brick width k=0.5 k=0.45 k=0.4

Shear strength of masonry is an important parameter which is depended on the mortar
type as shown in Table 7. The formula in order to calculate this parameter is shown

below:
ka = kaO + 0.4 * (OF] (8)
f ko IS referred to mortar-brick cohesion

o4 represents vertical stress




Table 7. f,, of Masonry

Mortar(Masonry fixo fvi (lower
type-Solid Clay limit)
Bricks)
M10 - M20 0.3 1.7
M2.5-M9 0.2 1.5
M1-M2 0.1 1.2

The elastic modulus (E) for short-term calculations is determined as given in Equation

below.

E = 1000 * fy. (9)
However, during the structural analysis in the serviceability limit state, E is taken as

600 * fi.. The shear modulus (G) is considered to be 40% of the elastic modulus (E).
1

100 * y/heot (10)

The permissible construction inclination is restricted to  y =
hio¢ IS referred to the total height of the building

In seismic design, EN-1998 provides general guidelines for structures, although it
doesn't delve into masonry seismic design extensively. It offers recommendations,
such as adhering to compressive strength limits. The minimum masonry compressive

strength is specified as follows:

e Vertical (normal to bed face): f_(b,min) =5 MPa
e Horizontal (parallel to bed face): f_(b,min) =2 MPa

Seismic loading is influenced by ground acceleration and soil type. The soil

classification is based on both ground acceleration and soil type.

The underlying ground conditions has a high influence on the earthquake vibration at
the surface and correspondingly the ground characteristics very much influence the
seismic response of structures[4]. The importance of such influence is taken in

consideration in EN 1998-1 that requires that appropriate investigations (in situ or in



the laboratory) must be carried out in order to identify the ground conditions. Guidance

for such investigation is given in EN 1998-5.

Three parameters are used in the classification provided in Table 8 (reproduced from

EN 1998-1) for a quantitative definition of the soil profile:

the value of the average shear wave velocity, v 39

the number of blows in the standard penetration test (NSPT)

the undrained cohesive resistance C,

Ground

type
A

S1

S2

Table 8. Ground categories

Description

Rock or other rock like geological formation, including
at most 5m of weaker material of the surface

Deposits of very dense sand, gravel, or very stiff clay, at
least several tens of meters in thickness, characterised by
a gradual increase of mechanical properties with depth.
Deep deposits of dense or medium dense sand, gravel or
stiff clay with thickness from several tens of hundreds of
meters.

Deposits of loose to medium cohesion-less soil (with or
without some soft), or of predominantly soft to firm
cohesive soil

A soil profile consisting of a surface alluvium layer with
vs values of type C or D and thickness varying between
about 5m and 20m, underlain by stiffer material with vs
> 800m/s

Deposits consisting, or containing a layer at least 10 m
thick, of soft clays/silts with a high plasticity index
(P1>40) and high water content

Deposits of liquefiable soils, of sensitive clays, or any

other soil profile not included in types A-E or S1

Response spectrum represents the seismic activity.

Parameters

Vs 30 (M/S) NSPT
(blow/30cm)

>800 -

360-800

\Y

50

180-360 15-50

<180 <15

<100 -

(kPa)

>250

70-250

<70

10-20



According to EN 1998-1, there are two different kinds of reaction spectrums based on

magnitude:

When predicted magnitudes of M > 5.5, type 1 is employed which represents high

seismicity

Type 2: utilized when anticipated magnitudes M less than 5.5

Se lerg

Figure 1: Ground Type A-E (Elastic response spectra of Type 1) [4]

In order to get the proper elastic spectral response Se(T) is needed to be known the Soil
Type and characteristics period TB, Tc, Tp(s) as shown in Table 9 and Table 10.

Table 9. Parameters related to ground types(A-E)

Soil type A B C D E
S 1.0 1.2 1.15 1.35 1.4
Tg(s) 015 015 0.2 0.2 0.15
Tc(s) 0.4 0.5 0.6 0.8 0.5
Tp(s) 20 20 2.0 2.0 2.0

Table 10. Behaviour factor

10



Type of construction q
Unreinforced masonry in accordance with EN 1996 alone 1.5

(recommended only for low seismicity cases)

Unreinforced masonry in accordance with EN 1998-1 15-25
Confined masonry 20-3.0
Reinforced masonry 2.5-3.0

The relationships that follow are used to compute peak ground acceleration in the

design response spectrum:

For periods 0 < T <T B, the seismic design acceleration S D(T) is calculated using

the Equation 11.

S [2 4 T (2.5 2)]
Ao *S*x |—F+—|———

For periods T B<T <T_C, the formula becomes az * S * %5 (12)

Moving on to periods T C < T < T D, the equation is more complex: S_D(T) takes

25 T¢
ag * Sx—x%x—
the value qQ T (13)
> * ag
a *S*Z;S*—TC*TD
and for T>f * a_g, it becomes { ° T2 (14)
= Bxag

11



I=0.6s
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Sq (em)

Figure 2. Demand spectra adjusted to 1.0g p.g.a. for continuous ductilities on the Sa-

Sd format.

The above spectrum (elastic) is converted to inelastic according to the EC-8 procedure,
and in the end, it is presented as a function of spectral acceleration and spectral
displacement. This approach is taken so that, in the end, the capacity of the structure
can be compared with the spectrum, leading to conclusions about the performance and

condition of the structure in the event of a specific earthquake.

By definition, the capacity of the structure is the maximum level of horizontal force
that it can withstand without collapsing (this when the building is loaded with gravity
loads). According to EC-8, the structural capacity of the building is assessed through
nonlinear pushover analysis and is presented in terms of the force-displacement graph
of the idealized model with a structural freedom scale. For ease of calculation, the
capacity curve is taken as bi-linear, clearly distinguishing the initial elastic and plastic

phases.

12
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Figure 3. Capacity curve and structural performance levels[15]

By the structural performance level, we refer to the expected extent of damage that the

structure may have after a specific earthquake. EC-8 classifies 3 performance levels as

follows:

DL Damage Limitation: In this phase, there are no structural damages to the
building, but there may be damages to non-structural elements. Most elements
operate in the elastic phase, and the structure is ready to continue its

functionality.

SD Significant Damage: In this phase, there are structural damages, but they
are repairable and do not threaten the lives of residents. Most elements have
exceeded the elastic phase, and some may reach their plastic capacity (develop
various cracks). The structure needs reconstruction before resuming its

functionality.

NC Near Collapse: In this phase, there are severe structural damages, and the
lives of residents may be at risk. Most elements operate in the plastic phase,
and there may be local collapses. At this stage, the building is likely to be
uneconomical to repair, as the cost of repair approaches values comparable to

reconstruction.

2.2 Albanian Territory Seismicity

Albania has a moderate degree of seismic danger due to its location on the Alpine-

Mediterranean seismic plate. High-intensity earthquakes have occurred in the area in

the past. Frequent episodes of intense seismic micro-activity, usually with magnitudes

between 1.0 < M < 3.0, are what define Albania's seismicity. There are also a lot of

minor earthquakes with magnitudes between 3.0 and 5.0. Strong earthquakes (M > 7.0)

13



are extremely unusual events, whereas medium-sized earthquakes (5.0 <M < 7.0) are

uncommon([5].

Significant earthquakes have occurred in Albania, most notably in the northwest near
Shkodra. For example, the earthquake that occurred on June 1, 1905, had a magnitude
of Ms = 6.6, lasted for 10-12 seconds, and resulted in significant damage. On April
15, 1979, a large earthquake with a magnitude of 6.6 to 7.2 struck close to Petrovac,
Montenegro [Sulstarova et al., 2005]. The zonation map and seismic code were
updated in response to this earthquake event. On November 26, 2019, Durres was
affected by a powerful earthquake with a magnitude of 6.4. There were many deaths
as a result of its epicenter being perilously near to thickly inhabited regions[6]. Historic
masonry structures in Tirana's Thumane, Vore, and Kombinat neighborhoods

sustained significant damage, with some of the buildings toppling.

Table 11. Earthquakes in the 19" and 20" centuries.

City Year of occurrence Intensity Casualties
1855 lo>VIII, destroyed 3 villages
1905 1500 houses destroyed completely
Shkoder 1948 Magnitude 6.6 N.A
1979 17122 buildings were almost destroyed, affected Lezha,
too.
Leskovik 1919 N.A
Tepelene 1920 250 housed destroyed or heavily damaged
1969 N.A
Elbasan 1920 173 houses destroyed completely
1931 N.A
Diber 1942 495 houses destroyed completely, 929 buildings were
heavily damaged, 2200 were affected
1967 534 houses destroyed, 1623 heavily damaged
Durres 1926 most of the houses destroyed, the portal of the city castle
was demolished
1833 N.A
1851 lo=IX, 2000 killed
Vlore 1859 Magnitude 6.6 N.A
1866 N.A
1930 almost destroyed 3 villages, 494 houses

14



1963 N.A
Librazhd 1935 N.A
1967 N.A
Lushnje 1959 761 houses collapsed
1982 N.A
Korce 1960 103 houses collapsed, 878 were heavily damaged
1962 about 1000 houses were destroyed or heavily damaged
1969 Magnitude 6.6 lo=VIII destroyed or heavily damaged 842 buildings,
affecting cities nearby too.
Fier
1982 278 houses collapsed, 2186 were heavily damaged,
affected the cities of Lushnje and Berat
Tirane 1988 Magnitude 5.4 , 10=VII, PGA=0,4048g

2.3 Failure mechanisms
2.3.1 Performance of URM walls

The analysis of masonry structures is a rather complex task due to the particular nature
and the mechanical behavior of masonry due to the lack of homogeneity and
standardization. Understanding the mechanical behavior of URM buildings is one of
the most complex and challenging issues of structural engineering. When analyzing
masonry, a prominent feature to be considered is the softening behavior, which is
typical of quasi-brittle materials. Softening is a gradual decrease of mechanical
resistance under a continuous increase of deformation, caused by progressive internal
crack growth, generally attributed to the heterogeneity of the material, due to the

presence of different phases and material defects, like flaws and voids[7].

Usually, the bond between brick unit and mortar is considered to be the weakest link
in masonry assemblage. The nonlinear response of the mortar joints is associated with

two types of failure modes: tensile failure (mode I) and shear failure (mode I1) [12].
2.3.2 Out-of-Plane Failure

Out-of-plane failure in masonry refers to the collapse or tilting of a wall or structure

perpendicular to its intended plane. This failure mode typically occurs when the wall
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lacks sufficient lateral support or is subjected to excessive horizontal loads, such as
those generated during seismic events. The masonry units or mortar joints may fail,
leading to sudden collapse or out-of-plane displacement. This failure mode poses a

significant risk to the overall stability of the structure.

(@) (b) (©) (d)

Figure 4. Failure Type(Out of plane)[8]

2.3.3 In-Plane Failure

In-plane failure, on the other hand, involves failure mechanisms occurring within the
intended plane of the masonry structure. Common in-plane failure modes include
compression failure, shear failure, flexural failure, and tensile failure. These
mechanisms manifest as cracks, deformations, or local damage within the plane of the
wall or structure. In-plane failure often results from applied vertical or lateral loads
that exceed the masonry's capacity to resist them. Retrofitting and strengthening
measures are implemented to enhance the in-plane performance of masonry structures,

particularly under seismic or other dynamic loads.

c)
Figure 5. Failure modes of in-plane loaded URM walls: (a) shear failure; (b) sliding

failure; (c) rocking failure; and (d) toe crushing failure[9].
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2.3.4 Basic failure mechanism of masonry walls

Compression Failure: This occurs when the masonry material is unable to withstand

the compressive forces acting on it. It often leads to the crushing or buckling of the

masonry elements.

Figure 6. Compression Failure of Masonry[23]

Shear failure happens when the applied forces cause the individual layers or units of
masonry to slide or deform relative to each other. It can result in diagonal cracking or
sliding along mortar joints.

4
S
=
=
-

v

Figure 7. Shear Failure
Flexural failure involves the bending or cracking of masonry elements due to applied

loads. It often occurs in response to lateral forces or moments, leading to cracks and

damage.
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Figure 8. Flexural bending failure

Masonry is generally weak in tension. Tensile failure occurs when the masonry
material is subjected to pulling or stretching forces, leading to cracking and separation
of the material.

2.4 Material properties

The qualities of the constituent materials and their interactions give masonry its
attributes as a composite construction material. These components consist of
reinforcing steel, concrete infill, bonding materials, and masonry units. Masonry is
divided into three subgroups: unreinforced, confined, and reinforced, depending on

how these components are put together inside a structure.

Understanding the behavior of a URM structure is crucial for determining its
properties, such as brick compressive strength, Modulus of Elasticity, and stress-strain
behavior.

2.4.1 Characteristics of Bricks and Mortar

More often, silicate and clay brick masonry are utilized in a variety of buildings. Bricks
considered strong in compression but weak in tension because of their high porosity
and brittleness. Two categories are known(silicate and clay bricks). First one are
represented by two grades(M7.5 and M10) as well as clay bricks by (M5 and
M7.5)[10].
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2.4.2 Masonry properties

The combined mechanical properties play a crucial role in determining bearing
capacity of walls and structures when subjected to both vertical and lateral loads.
However, as demonstrated earlier, these masonry properties are inherently influenced
by material characteristics. The fundamental qualities outlined in EC-6 [3] are
essential, and it is recommended to obtain them through standardized testing

procedures as outlined in EN1052.
e Compressive strength (fk): The resistance of masonry to being crushed.
e Shear strength (fv): The ability of masonry to withstand lateral forces.
e Flexural strength (fx): The capacity of masonry to resist bending.

e Stress-strain relationship (c-¢): The correlation between applied stress and

resulting strain.

e Tensile strength (f)): The masonry's ability to resist tension, equivalent to shear
strength (f).

e Modulus of elasticity (E): The measure of masonry's stiffness.
e Shear modulus (G): The material's response to shear stress.
e Ductility factor (n): The extent of masonry's ability to deform without failure.

These qualities are critical for assessing the overall performance and safety of masonry
structures. It's advised to determine them using the recommended standard test
procedures in EN1052.

2.4.3 Compressive strength fk

Several factors affect masonry compressive strength, including craftsmanship,
properties of masonry units, mortar joint thickness, mortar age, and the suction rate of
bricks.

According to Eurocode 6, the relationship between brick unit, mortar, and masonry
compressive strength(fk) is expressed by the equation:

Ko 07« £97 (15)
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Here, f,represents the normalized mean compressive strength of brick units, f,,, is the
normalized mean compressive strength of mortar, and K is an empirical coefficient
dependent on masonry classification. The constants @ and B have fixed values of 0.7

and 0.3, respectively, while k, a and B may vary within certain ranges.
2.4.4 Stress-strain (o-¢) relationship

In the absence of experimental evidence, EC-6 advises determining the modulus(E)

expressed 1000  fj.

" Sy,

(na E=tg(a)

,___;_
™

Figure 9. o-¢ diagram used to find Modulus of Elasticity[11]

2.4.4.1 Elastic Modulus

In the absence of experimental data, Pauley [Pauley et al., 1997] suggests a modulus
of E = 1000fk [MPa], Binda [Binda, 2007] suggests E = 900 N/mm2 for impoverished
rural buildings, E =900-1500 N/mm?2 for civil buildings and palaces, while Tomazevic
[Tomazevic, 1999] suggests 200 fk < E < 2000fk.

2.4.4.2 Shear Modulus

According to EN 1996-1, 2005, the shear modulus G can be calculated as 40% of the
modulus of elasticity,E. When expressing shear modulus in terms of tensile strength,

G = 2000f; is the suggested value.
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2.5 Strengthening techniques used in existing URM structures

Surface Handling: It is a method that hides the masonry's external face by changing
the building's architectural design. It involves building a steel or polymer mesh and
covering the outside of the structure with a mortar with a high strength. By confining
the masonry after it has cracked, this method raises the maximum load resistance[12].

Ferrocement jacketing: A cement with mortar surface with a strength of range 15 to
30 Mpa which has a thickeness of range 10 to 50mm combinated with meshes which
are close to each-other. It results in a significant rise in stiffness. Pre-damaged URM
walls can be strengthened to regain their original stiffness and capacity. Ferrocement's

excellent flexural and shear strength allow it to control the formation of cracks.
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CHAPTER 3

ASSESSMENT OF THE CASE STUDY BUILDING

3.1 Introduction

Assessing an existing building's seismic performance requires a detailed review of its
geometry, structural system, material properties, and load distribution. The current
performance of the building has been assessed based on on-site inspection and
observation of overall damages to the structure, in accordance with modern seismic
codes (EC-8).

3.2 Historical Investigations of this Case Study

The building was constructed around the 1940s with a load-bearing solid wall structure
made of concrete blocks without seismic reinforcements. It possesses a regular
geometric plan and dimensions. The analyzed structure, building no. 14 of the AFA
(serving for accommodation for the soldier of Albania), with a total area of 5062.8 m?,
is located within the Ministry of Defense complex on Dibra Street in Tirana. The
building's structure was initially conceived as a load-bearing solid wall structure with
concrete blocks, typical of Italian architecture during its construction period. However,
the subsequently added third floor is also a load-bearing solid wall structure but built
with clay bricks, which possess relatively lower resistance compared to concrete
blocks. Its third floor was later added during the early 1990s, characterized by lower

floor height and the use of different materials in its construction.

Existing conditions of the building were assessed based on a thorough on-site
inspection, taking into consideration modern seismic construction codes such as EC-6
and EC-8.
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Figure 10. The inspected object on the field

3.3 Description of the Unreinforced Masonry Building

A thorough visual inspection of the building involves three phases: geometry, material,
and damage surveys. The three-story unreinforced masonry (URM) building, with plan
dimension of 10,554 m by 1,796 m as shown in Appendix. The ground floor is 5 meters
high, the first floor is 5 meters high, and the second floor is 3 meters high, each with a
surface area of 1,897.6 square meters. Load-bearing walls, 0.64 m thick on the ground
floor and 0.15 m thick on the first and second floors, run in both longitudinal and

transverse directions.

Between the floors of the structure, there is observed a continuity of structural elements
with no discontinuity issues. However, it should be noted that the last floor which was
added later, while maintaining the plan form, exhibits a change in the height as well
as the materials used and a significant reduction in the strength and rigidity of load-
bearing walls. This is attributed to variations in the characteristics of the concrete-clay
brick block. The addition of the last floor, has resulted in a reduction of the structure's
capacity.
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Figure 12. The floor plan of the first floor.

The floor slabs of the intermediate floor are monolithic with a relatively low thickness
of about 0.15 m. However, they are constructed with high-strength concrete,
approximately 35 MPa. To enhance the even distribution of both vertical and
horizontal loads, we incorporate beams. These beams serve to establish a stronger

connection between slabs and load-bearing walls.

[JJ

Figure 13. The floor plan of the second floor.

Generally, no significant damage is observed in these slabs, except for the ceiling slab
of the second floor, where the presence of moisture has caused not only minor damages

but also material degradation in some parts.
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Figure 14. Damage to floor slabs and perimeter walls on the top floor due to the

presence of moisture.

Figure 15. Division of masonry from other load-bearing elements and its loading
near the joint.

S

3

' ™ )

Figure 14. Observation of the masonry on the ground floor where concrete blocks

are visible.
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Several damages are present in this building. Damages consist of cracks and small to
medium sized openings. They are limited in corners, especially in the connections

between the walls and between slab wall

Figure 15. Separation of load-bearing structural elements from non-load-bearing

walls.
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The longitudinal dimension is bigger than its transverse one (105.54 m compared to
17.96 m). This results in the occurrence of torsional behavior during seismic
movements and causes damage in a specific part of the structure (the area where the
two orthogonal elements of the building join). The solution to this problem is the use
of seismic joints, which effectively divide the structure into two independent segments
that move independently of each other. However, despite the presence of this seismic
joint, it has been designed for two floors. Since the third floor is an addition, the two
distinct parts of the structure have collided, leading to significant damage precisely in

this section of the building, especially on the second floor.

- W

— X

Figure 17. Areas of the structure that are more vulnerable to the phenomenon of

structural torsion during seismic vibrations.

3.4 Seismic Conditions of the site

We determine the peak ground acceleration (PGA) considering soil conditions (Vs =
450.9 m/sec) for two different likelihood levels: a 10% chance of occurrence within
10 years and a 10% probability within 50 years. These align with two earthquake
recurrence periods: 95 years and 475 years, fully adhering to Eurocode 8. The soil type

IS categorized as type B.

The peak ground acceleration for the 'non-collapse condition’ at the foundation of this
construction site has been has been taken from sizmiologist, a value of PGA=0.293g.
This value corresponds to a return period of 475 years (90% non-exceedance in 50

years).

Taking into account the Soil Factor for Type B, S=1.20, the design acceleration for the

"non-collapse condition” for the upcoming work is determined as:
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Table 12. ag of a return period of 475 years

Soil Max. Ground | Desing Corner Periods
Factor Acceleration | Acceleration | T Te To
1.2 0.352 0.4229g 0.15s 0.5s 2.0s

For the 90% non-exceedance level in 10 years (with a return period of 95 years), the
value PGA=0.144q is determined. This assessment is based on the recommendation of
the Institute of Geological, Seismological, and Environmental Studies of Albania [26]

for probabilistic seismic risk assessments in the territory of Albania.

Considering the Soil Factor for Type B in this area as S=1.20, the design acceleration

for the "damage limitation condition™ for upcoming work is determined as:

Table 13. ag of a return period of 95 years[4]

Soil Max. Ground | Desing Corner Periods
Factor Acceleration | Acceleration | Ts Tc To
12 0.173g 0.208g 0.15s 0.5s 2.0s
12 :
== Horizontal Elastic Responce Spectrum according to EC-8 for
Type"B" Soil Category for "non-collapse requirement”
’ Type 1
1.0 \ a:‘:S=D.4ZZg
Kr=12,8=1.2
\ @= == Horizontal Elastic Response Spectrum according to EC-8 FOR
Type "B" Soil Category for "damage limitation requirement”

\ "B" Soil Category for "non-collapse requirement”
Type 1

avg=0.317g

\ Kr=1.2

0.8 + Type 1
ag*s=0.208g
Kr=12, $=1.2
0.6 - Vertical Elastic Response Spectrum according to EC-8 FOR Type
-
]
i’

Vertical Elastic Response Spectrum according to EC-8 FOR Type

Spectral Acceleration Se(g)

"B" Soil Category for "damage limitation requirement”

\
i \ ~ Type 1

avg=0.156g
02 Kr=1.2
S . il S - -\\
= . T - -— e e -
0.0 A — ———————————————r— |
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Figure 18. Elastic spectra for both horizontal and vertical response at both

performance levels according to EC8 for the structure
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CHAPTER 4

ANALYTICAL MODELLING AND ASSESSMENT

4.1 Non-linear Modeling of Masonry Buildings

Modeling masonry objects is challenging due to joint weaknesses, material
nonlinearity, and discontinuities. An accurate model needs to consider both brick and

mortar behaviors and their interaction.
4.2 Modelling strategies

MacroModelling Technique: In this technique, masonry units and mortar are
modelled as a single materia in order to contain a homogeneous modelling
technique[23].(Figure 22a).

MicroModelling Technique: A highly detailed form of modeling that incorporates
the properties of individual units and mortar. While this model produces more precise

results, it demands higher computational resources due to its increased complexity.

MesoModelling Technique: Is a more simple method of micromodelling(Figure 22c).
In this technique, materials are not individually modeled but represented by equivalent

elements (such as plates) with corresponding properties

a) b) c)
Figure 19. Modelling Strategies: Macromodelling (a), Micromodelling (b),

Mesomodelling (c)
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4.2.1 Tremuri Modeling Methodology

The evaluation of the TREMURI structure unfolds in two distinct phases: initially, an
automated generation of the equivalent frame model transpires. Subsequently, a non-
linear static analysis, commonly known as a push-over analysis, is executed to derive
the structure's capacity curve, illustrating stress-displacement characteristics at the
control node. The outcome of the equivalent frame model generation manifests as a
visual representation, delineating the structure into components such as piers, lintels,
beams, tie rods, and columns. It's noteworthy that these elements retain manual
adjustability to accommodate specific scenarios. On the other hand, the non-linear
analysis unfolds by progressively escalating the applied loads, yielding the horizontal
displacement of the structure [19]. The determination of a predefined displacement
value, automatically computed, marks the point where the structure is deemed
collapsed. At this juncture, the Horizontal Force - Horizontal Displacement curve
materializes, encapsulating the offered capacity curve. Essentially, this curve

illuminates the structure's behavior amidst varying horizontal loads.
4.2.2 Modal Analysis of the Structure

Initially, the model has undergone modal analysis. After the structure was first
subjected to modal analysis, preliminary verifications were made regarding structural
regularity and the inherent vibrations of the structure. Using the computational
program, the modal analysis of the structure can be easily conducted for objects with
multiple degrees of freedom [20]. The basic dynamic equation for a system with
multiple degrees of freedom:

[MI{0} + [C1{U} + [KI{U} = —[M]{1}ii (15)
Where:
[M]— mass matrix
[C] — damping matrix

[F] — stiffness matrix
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{1} — displacement vector (mass) when a unit force is applied on each floor

lig— ground acceleration

Taking a vector in the form of vibration modes {¢}, which is independent of time, and
assuming a relative displacement vector U,, the dynamic differential equation for a

system with multiple degrees of freedom can be rewritten as:

U = {¢ue (16)

Where "u." represents the displacement at the bottom floor, the basic dynamic

differential equation can be rewritten as follows:
[MI{}u + [Cl{d}u, + [K{P}ur = —[M]{I}iig (17)

To determine the modal matrix of free vibrations {¢}, initially, a modal analysis is
conducted for the free vibrations of the structure. This is done to determine the natural
frequency of free vibrations w;for each mode and the mode shape {¢}; . The equation

used to calculate {¢}; is:
([k] = of [m]) * {@}; = 0 (18)
While for the natural frequencies of free vibrations w;for each mode:
det|[k] — w?[m]| =0 (19)
4.2.3 Pushover Analysis

The pushover analysis of a structure entails a non-linear static examination, wherein
permanent vertical loads persist while lateral loads increment gradually. The
equivalent static lateral loads serve as appro22ximations for forces induced by
earthquakes. Through this analysis, a plot depicting the total base shear against top
displacement in the structure is generated, unveiling any premature failure or

weaknesses.

This comprehensive analysis extends until failure, facilitating the determination of

both the collapse load and ductility capacity. Specifically, on a building frame, the
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monitoring of plastic rotation and the computation of lateral inelastic force versus

displacement response for the entire structure contribute to a thorough understanding.

The significance of this type of analysis lies in its ability to pinpoint weaknesses within
the structure, offering valuable insights into potential vulnerabilities that might be
addressed for enhanced structural integrity.

4.2.4 The N2 Method

The N2 method, developed by Fajfar in the mid-1980s, is a non-linear seismic analysis
technique for structures. The 'N' in N2 represents non-linear analysis, while '2' signifies
the use of two mathematical models: a single-degree-of-freedom (SDOF) system and
a multi-degree-of-freedom (MDOF) system. This method combines the pushover
analysis of an MDOF model with the response spectrum analysis of an equivalent
SDOF system[13].

The N2 method is formulated in the acceleration-displacement format, establishing a
connection between the lateral load pattern in pushover analysis and the assumed
displacement shape. This format allows for a clear interpretation of the seismic
response and the relationships between key quantities. Unlike the capacity spectrum
method, the N2 method employs inelastic spectra rather than elastic spectra with

equivalent damping and period.

The development of the N2 method began in the mid-1980s, evolving into a more
refined version over time. Recently, following Bertero's and Reinhorn's idea, the
method has been further refined, presenting a transparent transformation from an

MDOF to an equivalent SDOF system in the acceleration-displacement format[14].
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Figure 20. MDOF to SDOF [11]

In the N2 method, two mathematical models and three analysis steps are employed. In
the initial step, stiffness, strength, and supplied ductility are determined through non-
linear static analysis of the MDOF system under a gradually increasing lateral load. In
the second step, an equivalent SDOF system is defined, assuming that the deflected
shape remains constant during an earthquake. The non-linear characteristics of the
equivalent system are based on the base shear vs. top displacement relationship
obtained in the first step. In the third step of N2, the maximum displacement is
determined through non-linear dynamic analysis of the equivalent SDOF system.
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Figure 21. Curve Bi-linearization [22]
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CHAPTER 5

LABORATORY TESTS

5.1 Laboratory testing and results

The information about existing materials has been derived from laboratory tests
conducted on-site as part of this expertise by Altea&GeoStudio2000 and is provided
alongside this assessment. Since there are no project data regarding the materials used
and their physico-mechanical characteristics, their values for the utilized models and
beyond will be based on these tests. It should be noted that even for the age of the
building, EC recommends relying on laboratory tests for physico-mechanical

characteristics.

Concerning the floor slabs, based on EN1204-1, compression tests have been
performed on cores with a height/diameter ratio of 1:1, which is equivalent to cubic
strength, while those with a height/diameter ratio of 2:1 are equivalent to cylindrical
strength. Cores were extracted using a diamond-toothed core drill, examined in the
laboratory, and compression tests were conducted after the surface was leveled with a
specialized grinding device. The values for the floor slabs of each floor have been

extracted from the test data as follows:

Table 14. Data from compression tests on floor slabs.

Sample Position Height/Diameter Density Compression
Strength

1 First Slab 0.83 2.318 g/cm? 35.94 MPa

2 Second Slab 0.84 2.350 g/cm? 38.94 MPa

3 Third Slab 0.84 2.411 glcm? 40.15 MPa

Based on the above values, it can be concluded that the floor slabs are constructed
using C30/37 concrete, which exhibits favorable strength and durability
characteristics. The thickness of the floor slab is 15cm, considered acceptable given

the good physico-mechanical properties of the concrete used.
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Regarding the masonry, tests have been conducted for the concrete blocks for the first
two floors and for the brick elements and mortar for the third floor. From the test data
for the concrete blocks, it is concluded that they are made of C12/15 concrete with a
strength of around 12 MPa. This value is acceptable for masonry and complies with
the provisions of KTP-89 and EC-8.

Table 15. Compression Test Results for Concrete Blocks

Position Compression Strength

First Floor 12.38 N/mm?
Second Floor 13.22 N/mm?

The masonry on the third floor consists of solid clay bricks with a compressive strength
of fb=7.5 MPa. This value is also acceptable for load-bearing masonry.

Table 16. Compression Test Results for Clay Bricks on the Third Floor

Position Compression Strength

Third Floor  7.25 N/mm?
Third Floor  7.81 N/mm?

The mortar used in both cases, both in the concrete block masonry of the first two
floors and in the brick masonry of the last floor, has a compressive strength of fm=2.5
MPa. According to EC-8, this value is unacceptable for load-bearing structural walls,
where the minimum required value is fm=5 MPa. This results in poor bond between

the concrete block or brick elements, reducing the tensile strength of the masonry.
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Table 17. Compression Test Results for Mortar

Position Volumetric Compression Strength
weight

1-Floor 1.311 g/cm?® 2.76 MPa

2-Floor 1.462 g/cm?® 3.25 MPa

3-Floor 1.319 g/cm?® 2.47 MPa

5.3 Calculation of the Material Characteristics for the Case Study building

The average values of material parameters obtained from laboratory tests are presented

below and contribute to the implementation of numerical modeling.

Table 18. Details regarding bricks and masonry characteristics taking by blueprints

Brick Properties Mortar Properties

Type fo [MPa] Type  f,, [MPa]

3 floor Clay 7.5 Cement 2.5
1&2floor Concrete 10 Cement 5
Blocks

All the masonry properties shown below are needed for numerical modelling.

Table 19. Masonry Properties

Compressive Strength( fy) K+ f07 « 03

normalized with factor
6(0.8)

Value of K is equal to

0.6
Young Modulus (E) 1000 * fi
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CompressiveFracture 15+ 0.43 = f;

Strength(Gg,) — 0.0036 = f?
Tensile Strength(f,) 0.05 = fi
Shear Strength(f ) foko + 0.404

f i max value is equal to 0.065 f,,, ranges from 0.2

b in cases of clay bricks
M-10 to 0.15 in cases
of silicate bricks M-
7.5

o4 is equal to IMPA

f i 0.035f,

[ xiz 0.025f,

Shear Modulus (G) 0.25E
Poisson ratio (v) 0.2

Table 20. Calculated parameters from the projected building characteristics

fk ka kaO ft kal kaZ E G ch v

[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

3 floor 1.97 0.4875 0.2 0.1 0.26  0.19 1977 494 316 0.2
1&2floor  2.97 0.65 0.2 0.15 035 0.25 2970 744 476 0.2
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CHAPTER 6

RESULTS AND DISCUSSIONS

6.1 Modal Analysis Outputs

In the following figures, 3-dimensional models have been provided for the first 6
modes of the building's vibrations. It is observed that the first and second modes of
vibration exhibit a presence of torsion. This is due to the fact that, as emphasized
earlier, the planimetric shape of the building has a much greater longitudinal
dimension than transverse, resulting in the phenomenon of torsional motion during
seismic vibrations. The diaphragm exists on the first two floors; however, it has not
been respected during the addition of the third floor, and the increase in the height of
the structure itself forces an enlargement of the seismic diaphragm. The period of
vibrations approximates that of a structure with massive load-bearing walls, but its
value is significantly reduced due to the effects discussed above. The expected period

of masonry buildings according to EC-8 is T=0.045*number_of floors (s).

Seismic Period Verification it is not satisfied.

Analiza Modi Period Frequency Rotational Cyclic Square

Frequency Frequency
sec cyc/sec rad/sec rad?/sec?

Modal 1 0.058 17.342 108.9661 11873.6072

Modal 2 0.055 18.173 114.1849 13038.1963

Modal 3 0.051 19.632 123.3508 15215.4081

Modal 4 0.048 20.745 130.3416 16988.9318

Modal 5 0.045 22.323 140.2569 19671.9963

Modal 6 0.043 23.031 144.7088 20940.643

Table 21. The fundamental data from the modal analysis of the structure

6.2 Procedure of non-linear pushover analysis

First, the structure is modeled following the method covered in Chapter 1V, which
involves assigning appropriate element and material nonlinearity and utilizing the
TREMURI software. A total of 24 analyses are computed for the building,

incorporating various load scenarios, directions, and eccentricities.
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Analysis .

Control node

Level (2 Level2. v Mode
Displacement [Use weighted average displacement v
No. Compute  Earthquake Seismic load Eccentricity

analysis direction [em]

2 Modal distribution 0,0
3 X Uniform 0,0
4 X Modal distribution 0,0
5 +Y Uniform 0,0
6 +Y Modal distribution 0,0
7 ¥ Uniform 0,0
8 Y Modal distribution 0,0
g +X Uniform 57,0
10 +X Uniform -57,0
11 +X Modal distribution 57,0
12 +X Modal distribution -57,0
13 X Uniform 57,0
14 X Uniform -57,0
15 X Modal distribution 57,0
16 X Modal distribution 57,0
17 +Y Uniform 141,0
18 + Uniform -141,0
19 +Y Modal distribution 141,0
20 +Y Modal distribution -141,0
21 Y Uniform 141,0
22 Y Uniform -141,0
23 Y Modal distribution 141,0
24 Y Modal distribution -141,0

Figure 22. Pushover analysis cases

The 24 pushover scenarios for the building study are depicted in the figure above.
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The application automatically generates the analytical technique, the theoretical basis

of which is provided in chapter V. The force-displacement curve is the result of the

pushover investigation in TREMURI. The worst case, or the situation with the least

amount of energy dissipation, is selected as the representative capacity curve in each

direction (x and y) for each of the 12 curves. After that, the curve is bilinearized using
the N-2 method described in chapter IV.

Figure 24. x and y- directions worst case scenario
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Ma. 3?5“1 Seismic load Eﬁ”mdw aNC asD aDbL ﬂ"é" il
1 +5 Uniform 0.00 1.817 1.000 0.152 1.912
2 +i Static forces 0.00
3 X Uniform 0.00
4 X Static forces 0,00
5 +f Uniform 0.00
6 +f Static forces 0.00
7 - Uniform 0.00
8 =¥ Static forces 0.00
9 +£ Uniform 86,80
10 +x Uniform -86.80
11 +X Static forces 86.80
12 + Static forces -86.80
13 X Uniform 86.80
14 X Uniform -86.80
15 X Static forces 86.80
16 X Static forces -86.80
17 +f Uniform 524.50
18 +f Uniform -524.50
19 +f Static forces 524.50

20 +f Static forces -524.50

21 -y Uniform 524,50

22 - Uniform -524.50

23 - Static forces 524,50

24 =¥ Static forces -524.50




Pushover analysis in x direction

x uniform ecc 0.00

1200000
x static force 0.00

___1oo0000 -x uniform 0.00
E 200000 : -x static force ecc 0.00
‘8’ ) x uniform ecc 86.80
é 600000 x uniform ecc -86.80
& 400000 — X static force ecc 86.80
% x static force ecc - 86.80

200000 -x uniform ecc 86.80

0 -x uniform ecc -86.80

0 2 4 6 8 -x static force ecc 86.80

Displacement(cm) -x static force ecc -86.80

Figure 25. Pushover analysis for x-dir, 12 load patterns of case-study building

Pushover analysis in Y direction

y uniform ecc 0.00

1600000
-y uniform 0.00
1400000 X .
= 1700000 -y static force ecc 0.00
=
s ! y uniform ecc 524.50
‘8" 1000000 y uniform ecc -524.50
._.B_ 800000 —y static force ecc 524.50
§ 600000 —y static force ecc - 524.50
& 400000 -y uniform ecc 524.50
200000 -y uniform ecc -524.50
0 -y static force ecc -524.50

0 2 4 6

-y static force ecc 524.50

Displacement(cm) y static forces ecc 0.00

Figure 26. Pushover analysis for Y-dir, 12 load patterns of case-study building

The capacity curves are normalized and expressed in terms of the building's weight

and shear force, as well as its height and top roof displacement.
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Shear Force(KN)

12000
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6000

4000

2000

Capacity curves for unreinforced object

Uniform Ecc -86.80

Static Forces Ecc -524.60

0 1 2 3 4 5 6

Displacement(cm)

Figure 27. Capacity curve in x and y-direction, worst scenario

Shear Force/Weight(KN)

12000

10000

8000

6000

4000

2000

Capacity Curve x direction

""“—L\

Uniform Ecc -86.80

—— Bilinear Capacity Curve x-
direction

0 1 2 3 4 5 6

Displacement/Height

Figure 28. Normalized bilinear capacity curve in x-direction
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Capacity curves y direction

12000
2 ~ ‘_AM I\ A
Z 10000 VY
z
o 8000 ‘
]
% 6000 Static Forces Ecc -524.60
o
S 4000
L: Bilinear Capacity Curve y-
] direction
< 2000
7

0
0 0.5 1 15 2 2.5 3
Displacement/Height(cm)

Figure 29. Normalized bilinear capacity curve in y-direction

MDOF along pushover as well as the static condition of each pier and spandel member
are made possible by TREMURI. This makes it possible to create a building failure
mechanism step-by-step and even regulate the anticipated degree of damage to each
wall. Every limit damage condition is linked to the drift capacity of every pier and
sprandel element as well as the strength and stiffness of the structure. The 24 pushover
analysis cases, capacity curves in both the x and y directions, normalized capacity
curves in both directions, failure mechanism, and the most laden walls for each case

will be provided for each of the structures in the sections below.
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Figure 30. Most Damaged sections of the object
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Figure 31. Failure mechanism
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Load applied

x-direction

y-direction

Direction (Damage Significant  Near
Limitation Damage Collapse
(DL) (SD) (NC)

Table 22. Pushover analysis parameters of building

d; d, F; K*
0.67cm 4.81cm 10205.3 15232kN/cm
KN
0.31cm 2.37cm  10259.7 33097kN/cm
KN

Figure 32. 3d view

Table 23. Global displacement drift capacities (%)

Aroof/Hbuilding

U
7.18

7.64

0.0000515 0.00026344 0.00037

0.00002385 0.000129803 0.000182308
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6.3 Conclusions

After this analysis, a comparison is made between the structure's capacity and the
seismic design spectrum for the conditions of non-collapse and limited damage.
According to EC-8, for the structure to guarantee proper seismic performance, it must
perform at the DL (Damage Limitation) level for the earthquake with a return period
of 95 years, corresponding to an acceleration level ag=0.173g in our case. Similarly,
for the earthquake with a return period of 475 years, with an acceleration level
ag=0.352g in our case, it should perform at the SD (Significant Damage) level. The
procedure followed in this case is in accordance with EC-8, comparing the capacity
and earthquake in the Sa-Sd spectral format. The structure's capacity is assessed based
on y, as it indicates weaker performance.In the figure below, this comparison is
illustrated, showing that the structure has surpassed the DL performance level and is
in the SD phase for the earthquake with a return period of 95 years, corresponding to
an acceleration level ag=0.173g. This implies that the structure does not meet the
damage limitation condition according to EC-8. Making the same comparison, this
time for the earthquake with a return period of 475 years, with an acceleration level
ag=0.352g, it is observed that the structure has exceeded the NC (Near Collapse)
performance level, indicating it is on the brink of collapse. This means that even the
non-collapse condition is not satisfied, and the structure is at risk for an earthquake

with a return period of 475 years.

Capacity Curve vs. Demand Spectrum
ag=0.352q

/ ag=0.173g

oL D NC

Spectral Acceleration Sa

Spectral Displacement Sd

Figure 33. Capacity Curve vs. Demand Spectrum for the unreinforced object
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The structure is built with load-bearing solid walls without seismic reinforcements. As
such, structural damage will only consider damages to the load-bearing walls,
foundations, or beams. It's worth noting that the building has a much greater
longitudinal dimension than its transverse one (105.54 m versus 17.96 m). This results
in the presence of the torsion phenomenon during seismic movements, causing damage
in a specific part of the structure (where the two rectangular elements of the building
meet). In this area, damages have been observed both in the load-bearing masonry and
the floor slab. The second-floor level was added later, and the materials used for the
load-bearing masonry have weaker physical and mechanical characteristics compared
to the lower part. This leads to a reduction in stiffness and an increase in stresses on
the walls. Additionally, the foundations are insufficient for the depth of immersion, as
the building height was increased with the addition of the floor. The high presence of
moisture, especially on the second floor, has caused significant degradation of
materials and damage to some parts of the structure, mainly in the ceiling floors and
perimeter walls. This is due to the lack or poor implementation of waterproofing in
this part of the building. This problem needs to be addressed during the reconstruction
of the structure. All the identified issues above need solutions, and the structure

requires reinforcement.

From the conducted analyses, it was observed that the structure does not meet the
conditions for limited damage and non-collapse. According to EC-8, this means that

the structure needs reinforcement.
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CHAPTER 7

METHODOLOGY AND PROPOSED STRENGTHENING
OF EXISTING STRUCTURE

7.1 General Overview

As indicated in the previous chapter, the existing structure needs to be strengthened to
increase its capacity to resist horizontal loads. Below are the necessary
recommendations from the expert group to transform the existing structure into a
conforming one based on technical conditions and adaptation to Albanian/Eurocode
standards or other equivalent technical specifications and standards. All structural
interventions in the existing building must comply with and adhere to the rules and
criteria of Eurocodes. The main structural interventions to be carried out in the existing

structure are as follows:

Installation of reinforced concrete columns: The columns will be installed from the
foundation level to the floor slab of the last floor. They will be connected to the existing

beams and concrete/steel walls as detailed in the construction project.

Strengthening of floor slabs and beams: Carbon Fiber Reinforced Polymer (CFRP)
will be used to strengthen the floor slabs and beams, enhancing their load-bearing

capacity.

Strengthening of load-bearing walls: Since the building has a system of massive
load-bearing walls, and these walls have suffered significant damage, they will be
strengthened using concrete/steel jacketing to increase their rigidity and load-bearing

capacity.

Strengthening of foundations: Due to the reinforcement of columns and the addition
of additional reinforced concrete walls, the reconstruction of existing foundations is
envisaged in the construction project, including the addition of connecting beams.
Expansion of the existing foundations will also be carried out according to rules and

technical specifications.
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7.2 Methodology for Repair and Strengthening of Structural Elements

Based on the assessment and analysis of existing structures and the requirements for
further use of the facility, the Jacketing (concrete jacketing) method has been accepted
for the repair and strengthening of structural elements. This method is applied to
beams, columns, and slabs by removing damaged parts. The implementation process

is as follows:

Removal of damaged parts of concrete until exposing the reinforcement bars. After
removing the damaged protective layer, the process continues to expose all corroded
areas of reinforcement bars, if any. The reinforcement bars must be cleaned from all
sides. The space between the cleaned reinforcement bars and the existing concrete
must be at least 1 cm. Care must be taken during the stripping process to avoid
damaging the bond between the reinforcement bars and the concrete in unstripped
areas. If these areas are damaged, they must be exposed for treatment. To ensure the
bond of the new concrete with the cleaned surfaces, the application of a bonding agent
is required, following the technological requirements of this material, or other
materials that serve the same purpose. The filling material used for repair must have
the particle size and consistency that allows easy workability and ensures uniform
filling and closing of all voids in the treated area. The compressive strength of the
filling material must be Class C20/25. To protect against various environmental
agents, the filling material must be prepared for Exposure Class XC4. After the filling

material has hardened, coating must be applied using elastic protective materials.

The pouring of the produced concrete on-site is done according to the possibilities and
conditions where it will be poured. It is crucial in the process of pouring concrete into
the structure to minimize the time from production to pouring to prevent the loss of its
strength, workability, or consistency. Additionally, proper vibration during this
process is essential. Due to its physico-mechanical characteristics, concrete vibration
plays a significant role in achieving the design class or preventing various cracks.
Special care should be taken during the vibration process to avoid damaging the rebars,

both horizontal and vertical.
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Various methods can be used for the successful implementation of repairs or
reinforcements based on the specifications of the damaged elements' positions. Three

different methods are proposed in this project:

e Use of formwork and traditional vibration of the repair material.
e Use of closed formwork and pumping of the repair material.

e Direct filling by pumping the repair material without using formwork.

Outit 3t - b 1
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(Qlosure placed upon
completon of placement
ol repair manerial Yorrmwork
nar malerddl
formwork
\
| oongrte pump
{
(a) (b)
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concrete pump
o 4
.| (C)

Figure 34. Different methodologies for the implementation of concrete jacketing in the

structure.
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For the reinforcement of walls using the Textile Reinforcement Mortar (TRM) method,
the cleaning and repair process of the existing surface should involve removing plaster
and all impurities until reaching a clean brick surface. Pre-wetting spray is then applied
to the entire wall surface. The first layer of plaster is applied, followed by the
placement of textile mesh. Finally, the second layer of plaster is applied. The
reinforcement of the internal concrete of the walls (brick + concrete) will be done by
injection from the sides with low-dispersion resins. The type of resins is different for
masonry and concrete injections. Concrete injections will be pressure-controlled to
avoid damage to degraded concrete. The characteristics and technology of the injection
resins will be applied based on the specifications provided by the manufacturer.

a9

Figure 35. The cleaning and repair of existing surface cracks on the floor slab.

The strengthening of the building will be realized in various ways, including the use
of carbon fiber for the reinforcement of beams, the CAM system for the reinforcement
of beams, columns, and walls, as well as the TRM Textile Reinforcement Mortar
method for the reinforcement of walls. To reinforce the structure with carbon fibers,
the application begins with a two-component epoxy resin primer to create a flat and
suitable surface. This process is followed by leveling the surface with epoxy putty to
avoid the formation of air gaps on the surface. Subsequently, an epoxy-based adhesive

52



layer is applied to create a suitable layer for bonding carbon fibers. After necessary
checks, carbon fibers with a weight of >400 g/m? are applied, taking special care to

avoid creating air bubbles.

Figure 37. The placement of carbon fibers.
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7.3 Strengthening of Structural Elements

The strengthening of the building's foundations will be done by placing a reinforced
concrete cushion under the existing foundations and creating a perimeter covering of
the foundation concrete throughout its perimeter. The foundations will be reinforced
by applying a row and symmetry in the implementation of the excavation works for
such reinforcement, avoiding damage to the existing structure of the building.
Sequential and phased excavation of reinforcement elements will be done on both sides
of the building.

C20/25 concrete and S500 steel will be used for foundation reinforcement. A
reinforced concrete ring (peripheral) will be placed around the entire perimeter of the
building according to the given technical drawings.
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Figure 38. The details of foundation reinforcement.

The installation of reinforced concrete columns will be done according to the positions
specified in the technical project. Reinforced concrete columns will be placed in the
perimeter wall, continuing along the entire height of the building. The columns will
have dimensions of 60x60 cm and reinforcement area as per the project. For the

installation of reinforced concrete columns, appropriate openings will be made in the
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perimeter wall to facilitate the placement of the reinforcing columns. The columns will
be supported on the existing foundation of the building reinforced with a reinforced
concrete cushion. The demolition work for the column installation will not be carried
out immediately but alternately and staggered. The rebars of the columns will be
connected to the existing structure before their installation by opening holes with a
depth of 15 cm and a diameter of ¢22. Surface cleaning of the existing structure must

be done before casting the columns.
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Figure 39. The details of column installation in the perimeter wall.
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Figure 40. Reinforced plan of the three-story structures.
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Perimeter walls will also be reinforced with concrete/steel jacketing with steel mesh
¢12 at intervals of 15 cm. The walls will also be constructed with C20/25 concrete and

S450 steel. Detailed specifications are also provided in the construction project.
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Figure 41. Reinforcement of the perimeter wall with steel mesh.

The floor slabs have been reinforced with carbon fibers CFRP, as discussed earlier.

Data are provided in the construction project and technical specifications.
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CHAPTER 8

OUTPUTS OF THE ANALYSES OF THE REINFORCED
OBJECT

MDOF along pushover as well as the static condition of each pier and spandel member
are made possible by TREMURI. This makes it possible to create a building failure
mechanism step-by-step and even regulate the anticipated degree of damage to each
wall. Every limit damage condition is linked to the drift capacity of every pier and
sprandel element as well as the strength and stiffness of the structure. The 24 pushover
analysis cases, capacity curves in both the x and y directions, normalized capacity
curves in both directions, failure mechanism, and the most laden walls for each case

will be provided for each of the structures in the sections below.

Figure 43. Close view of the column Insertion
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No. g;?m Seismic load Egﬁnﬁdw aNC asD ablL gg“t
1 + Uniform 0,00 2.1%0
2 +X Static forces 0.00
3 X Unifarm 0.00
4 Ed Static forces 0.00
5 +Y Uniform 0.00
g +f Static forces 0.00
7 =¥ Uniform 0.00
3 - Static forces 0.00
9 +X Uniform 86.80

10 +X Unifarm -36.80
11 +X Static forces 86.80
12 +X Static forces -86.80
13 X Unifarm 86,80
14 X Unifarm -36.80
15 X Static forces 86.80
16 X Static forces -36.80
17 +f Unifarm 524.50
13 +f Uniform -524.50
19 +f Static forces 524,50

0 +f Static forces -524.50

21 ¥ Uniform 524.50

22 =¥ Uniform -524.50

23 - Static forces 524,50

24 =i Static forces -524.50

Figure 44. x and y worst case scenario for the reinforced object
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Figure 45. Capacity curve in x and y-direction, worst scenario
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Figure 46. Normalized bilinear capacity curve in x-direction
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Figure 47. Normalized bilinear capacity curve in y-direction
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CHAPTER 9

CONCLUSIONS

9.1 Conclusions

In seismic terms, as shown earlier, the structure was in the NC phase according to EC-
8 after the earthquake. After the intervention, for a seismic event with a return period
of 475 years, the building is guaranteed not to reach the SD state. Moreover, the
condition of limited damage is ensured for the building, given that it is in the DL phase,

for a seismic event with a return period of 95 years.

Capacity Curve vs. Demand Spectrum

5

o
ag=0.3524

ag=0/173g

Spectral Acceleration Sa

Spectral Displacement Sd

Figure 48. Comparison of structure capacity with earthquake spectrum

9.2 Comparison of Structural Capacity Before and After Reinforcement

Undoubtedly, the building after the intervention exhibits increased capacity against
both horizontal and vertical loads. The primary reasons, as mentioned earlier, include

interventions such as:

e Strengthening of the structure's foundations
e Construction of a complete frame around columns for the structure
¢ Reinforcement of load-bearing walls

e Strengthening of the floor slab with CFRP fibers
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Building Max Force/Weight Stiffness Ductility
X Y X Y X Y
Before 55.16 % | 24.74 % 8438 7830 2.54 3.78
Reinforcement. kN/m KN/m
After 67.73% | 53.38 % 14014 12914 3.75 4.73
Reinforceemnt. kN/m KN/m

Table 24. Comparison of global mechanical characteristics of the building before

and after reinforcement

In terms of maximum horizontal load-bearing force, the structure's capacity has
increased by over 100% (from 0.25 to 0.53) in the Y direction, which was initially
more problematic. Additionally, stiffness has significantly increased, with values
rising by around 70% (from 7830 to 12914) in both directions.

Comparison of Capacity Curves in x-

direction
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Figure 49. Comparison of capacity curves in the X direction
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Comparison of Capacity Curves in y-direction
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Figure 50. Comparison of capacity curves in the Y direction

9.3 Recommendations for future research

For future assessments, conducting a pushover analysis in TREMURI using the Finite
Element Method (FEM) with consideration for both material and geometrical non-
linearity holds promise. This approach aims to refine capacity curves and, more
importantly, understand the damage patterns by comparing them with equivalent frame
models. This can contribute significantly to the methodological analysis of irregular

buildings or clusters.

Moreover, there is room for improvement in methodologies and tools for modeling the
overall structural behavior. Enhancements in these areas will further enhance our
understanding and predictive capabilities in the realm of structural engineering.
Implementing the reinforcement of load-bearing walls and the strengthening of the
floor slab with CFRP fibers becomes impossible in such programs so more studies

should be carried out.
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