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Abstract 

One of the main problems, which is often encountered within local methods of unreinforced masonry 

(URM) construction for masonry buildings is the Soft Storey Effect. A soft storey may be described as 

the abrupt reduced sway stiffness experienced by one level in a structure compared to the sway stiffness 

of the floors above and below. When considering the local context, this soft storey is generally found 

at Ground Floor or at basement level. In order to provide sufficient space for car parking within these 

buildings, the internal masonry partition shear walls and piers are often removed in the soft storey level. 

When these URM buildings are subjected to seismic forces, they may be unable to dissipate the 

earthquake energy due to a lack of robustness and structural ductility. The primary objective of this 

dissertation is to identify the adverse effects of seismic events upon the local contemporary URM 

building typology and to propose structural retrofitting strategies to mitigate these negative effects. 

In addition, the proposed research study will allow the determination of how many storeys may be 

sustained during the design earthquake for the Maltese Islands by URM buildings with a typical floor 

plan layout, and which have been retrofitted to obtain the necessary horizontal sway stiffness and 

strength to resist the applied seismic forces. It is intended to determine whether such retrofitting 

interventions are feasible and whether they effectively provide the required seismic resistance 

enhancement. 

The research methodology used in this dissertation involved both an analytical and a numerical 

approach.  Throughout the first part of the seismic analysis, the EFM (Equivalent Force Method) was 

used in order to obtain the sway stiffness of each URM transverse wall within the URM building models 

considered. This sway stiffness was then replaced within the basement level using either structural 

steelwork or reinforced concrete transverse plane frames within the basement level, which were used 

as a seismic retrofitting technique to eliminate the Soft Storey Effect. Secondly, a more accurate 

numerical method, 3D Macro, was then utilised to carry out parametric Non-Linear Static Pushover 

Seismic Analyses of the URM building models, from which the building seismic vulnerability safety 

factors were then obtained. 

The results showed that the negative impact seismic resistance of having an asymmetrical plan was very 

evident as several differences were observed in the seismic performance of masonry walls in the 

transverse direction of the URM buildings. In this research study, the comparison of seismic resistance 

between different URM buildings was carried out mainly with reference to the integer number of floors 

that can be safely carried by the buildings when subjected to the design earthquake for the Maltese 

Islands.  Although this is a rather course yardstick for comparison, since it is not sensitive to subtle 

differences in structural behaviour between different URM buildings, the use of the building safety 

factors allowed a more refined comparison to be carried out. 

The seismic analysis results also showed that a decrease in seismic performance occurred within those 

URM buildings, which were retrofitted with excessively stiff transverse plane frames at basement level, 

causing failure to occur within the ground floor rather than at basement level. Within single unit 

retrofitted URM buildings, the transverse structural steelwork plane frames at basement level 

experienced local buckling.  This was not observed in the transverse structural steelwork plane frames 

at basement level within retrofitted URM building aggregates.  However, generally, the retrofitted URM 

single unit buildings and URM building aggregates exhibited similar behaviour irrespective of the 

structural material used for the transverse plane frames at basement level. It was also observed that, as 

the number of single units within URM building aggregates increased, there was little additional benefit 

to the aggregate seismic resistance, since the benefit of additional sway stiffness was cancelled out by 
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the adverse effect of additional seismic weight. Furthermore, it was also observed that weaker subsoils 

gave rise to larger seismic amplifications, rendering the retrofitting techniques futile in certain cases. 

Keywords: Seismic Retrofitting, Soft Storey, Non-Linear Static Pushover Analysis, Moment-Resisting 

Frames, Permissible Safe Building Height, Safety Factor 
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Chapter 1: Introduction 

1.1 Motivation Behind Research 

 

Historical records with regards to earthquakes that occurred in the Maltese Islands go as far back as the 

year 1530. There are no records of any casualties caused by these earthquakes, however, there is 

considerable data available with regards to the structural damage sustained by the local buckling stock 

due to earthquake action. One must also bear in mind that some of the available records are insufficient 

and lack certain detailed technical information. Malta is also located at the centre of a complex system 

of seismic faults. In fact, some of these faults are still active. Thus, structural retrofitting of existing 

unreinforced masonry (URM) buildings would be of great benefit and importance in order to re-instate 

the corresponding seismic resistance of these buildings. 

Unreinforced masonry construction in Malta has been widely used for both historic and contemporary 

buildings due to its versatile qualities as a building material. Over the past few years, Malta has seen an 

unprecedented increase in building floor heights due to the relaxation of planning regulations, and yet 

there has not been any tangible improvement in the local URM construction methods in use. A rather 

worrying factor, which has been observed in recent years is the increase in wall slenderness due to the 

use of 180mm thick masonry partition walls instead of the traditional 230mm thick walls. Furthermore, 

the recent increase in the demand for housing, has brought about the phenomenon of having a large 

cluster of construction sites ongoing at the same time. In this respect, this could imply that several 

adjacent structures may need retrofitting so as to provide adequate sway resistance, which may be 

compromised during the construction stage.  The current local construction system seems to lack the 

required information of how local URM buildings would respond to any ground shaking and, thus it is 

unfortunately often disregarded at the design and construction stages. 

The primary objective of this dissertation would be to ultimately identify the adverse effects of seismic 

events upon the local contemporary URM building typology and to propose structural retrofitting 

strategies to mitigate these effects. Furthermore, various building typologies and configurations may be 

considered when retrofitting such URM buildings, such as using buckling restrained-braced frames and 

fluid viscous dampers. 

In addition, the proposed research study will allow the determination of how many storeys may be 

sustained during the design earthquake for the Maltese Islands by URM buildings with a typical floor 

plan layout, and which have been retrofitted in order to obtain the necessary horizontal sway stiffness 

and strength so as to resist the applied seismic forces. 

The structural efficiency of such retrofitting techniques may then be determined by comparing the 

seismic resistance of retrofitted and unretrofitted URM buildings, with the seismic resistance of the 

latter buildings being obtained from the results of several past research studies on local URM 

buildings. It is intended to determine whether such retrofitting interventions are economical, whether 

they provide the required seismic resistance enhancement and whether they impose any form of risk 

to the URM structure itself and, possibly, to adjacent URM structures. 
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1.2 Scope and Objectives 

 

This study aims to determine the number of additional floors that an existing URM building can 

withstand once seismic retrofitting interventions are implemented into the URM structure. Furthermore, 

it seeks to obtain knowledge on which of these seismic retrofitting interventions are deemed to be the 

most structurally effective.The layout typologies chosen all have the soft storey effect at basement level. 

This dissertation shall also be taking into consideration a mortar strength of 2N/mm2 together with one 

of the main building materials, namely Globigerina Limestone.  

Legislation in Malta does not yet pose an obligation on local Periti to consider seismic action in the 

design of buildings. By means of a numerical research methodology, this research study aims to 

investigate whether local URM buildings with soft storey basements are capable of withstanding the 

effects of an earthquake in addition to vertical gravity loading, and how to implement effective strength 

retrofitting techniques in order to enhance the seismic resistance of these buildings.  In this respect, the 

research questions considered in this dissertation as stated below: 

1. What is the seismic resistance of local URM buildings with soft storey basements? 

2. What is the effectiveness of strength retrofitting techniques in enhancing the seismic resistance 

of local URM buildings with soft storey basements? 

1.3 Layout of Dissertation 

 

In this first chapter, a brief introduction was provided with respect to the local URM construction and 

its seismic vulnerability to earthquake events.  The research methodology and the research questions 

considered in this study are also presented.  Chapter 2 provides a literature review, while Chapter 3 

discusses the principal failure modes encountered in local unreinforced masonry (URM) construction.  

Chapter 4 provides an overview of the most common types of strength retrofitting techniques available, 

while Chapter 5 focuses upon the seismic vulnerability of local URM building aggregates.  Chapter 6 

presents the research methodology employed in this dissertation, namely numerical seismic analysis 

using a proprietary macro-element software program, 3D Macro.  Chapter 7 presents the seismic 

analysis results and the corresponding interpretation of these results.  Finally, Chapter 8 gathers the 

main conclusions derived from this dissertation and also provides recommendations for future research 

work within this field of study. 
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Chapter 2: Literature Review 

2.1 Introduction 

 

Masonry is a building material, which is widely used across the Maltese Islands in unreinforced 

masonry (URM) building construction. It is commonly used, since it conveys a satisfactory ability to 

withstand compressive loads. However, it does not perform as well when it experiences tensile loads 

due to overturning moments caused by seismic actions (Vella, 2018). 

A previous study by (Galdes, 2013) concluded that a local unreinforced masonry (URM) building, 

should be able to maintain its structural integrity during an earthquake with a Peak Ground Acceleration 

(PGA) of 0.10g if it has 3 storeys when constructed on rock or if it has two storeys if it is built on a clay 

subsoil. Marmara’ (2016) concluded that any two-storey building, whose ground strata is either rock or 

clay, and which is composed of only 3 transverse shear walls to withstand lateral seismic loading, would 

collapse in the event of an earthquake. Marmara’ (2016) then proceeded to carry out a study on the 

same URM structures including reinforced concrete transverse plane frames at basement level situated 

underneath transverse masonry shear walls at Ground Floor level that were not brought down to the 

basement level, in order to mitigate the soft storey effect. However, the results obtained showed that 

additional transverse sway stiffness was required to provide satisfactory structural performance of the 

URM building during an earthquake. 

In addition, Borg (2017) determined that, retrofitting an open plan basement using sway resisting plane 

frames may only be considered to be beneficial up to a particular number of storeys above the ground. 

It was also concluded that the design variable, which was deemed to be the most critical with respect to 

seismic resistance of URM buildings, was the mortar strength. 

In view of the above, it was decided that this research study would focus upon several different 

retrofitting methods with the aim of providing the necessary anti-seismic sway stiffness to the local 

URM building typology. This research work shall, therefore, also attempt to highlight the inherent 

weaknesses associated with local URM buildings subjected to seismic loading. 
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2.2 General Considerations 

2.2.1 Background on Malta’s Seismology 

 

Malta’s earthquake catalogue dates back to 1530. Information which has been collected over a number 

of years provide a relatively detailed description of the structural damages sustained by certain building 

stock in the Maltese Islands. As stated by Galea (2007), “In this catalogue time period, the islands 

experienced EMS-98 intensity VII-VIII once (11 January 1693) and intensity VII, or VI-VII five times.”. 

It is important to note that there are no historical records of any deaths due to seismic events locally 

and, thus this fact has generally tended to a lack of public awareness of the possible dangerous effects 

of the local seismic hazard and a general complacency in the implementation of seismic building 

regulations by local authorities in the local building construction industry. Seismicity in Malta is 

primarily brought about by the northern segment of the Malta Escarpment, the seismic zones of plate 

boundaries and the active faults, which lie within the Sicily Channel Rift Zone.  (Borg et al., 

2008).Earthquakes emerging from the large Hellenic Arc also seem to impose a level of Seismic Hazard. 

(Galea, 2007) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 List of felt earthquakes in the Maltese Islands 

Source: (Galea, 2007) 
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Table 1 provides an accurate account of intensities and the magnitude of all seismic events, which were 

felt in the Maltese Islands since 1530. Galea (2007) suggested that buildings in the Maltese Islands 

should be designed to withstand an earthquake with a Peak Ground Acceleration (PGA) of 0.10g with 

a return period of 475 years to Eurocode 8 (EN 1998). 

2.2.2 Seismic Hazard, Seismic Risk and Seismic Vulnerability 

 

Seismic risk and seismic hazard provide two entirely distinct ideas. Seismic hazard may be defined as 

the probability of harmful occurrences caused due to seismic action, leading to numerous socio-

economic concerns. Therefore, it encompasses parameters, such as resultant ground motions, their 

frequencies, fault rupture, soil liquefaction and ground vibration. On the other hand, seismic risk is the 

possibility of exposure to seismic hazard within a stipulated time (return) period. The principal 

outcomes of seismic risk would be structural damage sustained by buildings. Both parameters are not 

necessarily directly proportional to one another, and thus low seismic risk may not necessarily mean 

low seismic hazard (Wang, 2006). Seismic vulnerability deals with the fragility or robustness of a 

particular structure. Low seismic vulnerability would result in high seismic resistance. 

 

Seismic Risk = Seismic Hazard × Vulnerability 

Equation 1 Seismic Risk 

Table 1 Site seismic history for the Maltese Islands since 1500, showing EMS-98 intensity ≥ IV 

Source: (Borg et al., 2010) 
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Over the years, the Maltese Islands have been categorised as a low-to-moderate seismicity region, 

however, earthquakes of large magnitudes took place in the vicinity of the Maltese Islands, and thus it 

is important to consider the seismic risk of local buildings in Malta. In addition, the islands have also 

witnessed an increasing population, which results in a higher demand for housing and a consequent 

trend for constructing higher buildings due to the scarcity of land. 

2.2.3 Structural Vulnerability in Maltese URM Buildings 

 

A local URM building with an irregular plan layout gives rise to torsion as the centre of stiffness and 

the centre of mass (which is the point through which the resultant horizontal seismic inertial forces act 

at each floor of the URM building) do not act at the same point on plan. In such buildings, the plan 

eccentricities between these two centres in both plan directions would lead to irregular deformation and 

sway displacements. Furthermore, any imperfections in the  design and construction of local URM 

buildings may lead to catastrophic structural damage under the influence of seismic action. These 

imperfections may be defined in terms of irregular layouts as load transfer to the building foundations 

becomes more complex. Local stresses, which exceed the strength of the main structural elements might 

also occur. The effects of these imperfections are further exacerbated by the effects of a soft-storey 

basement (devoid of transverse walls for functional reasons, such as car parking), which produce a 

significant reduction in the structural lateral stiffness. Adequate shear transfer across a structure requires 

uniform thickness of walls, which might not always be the case, thus creating large eccentricities, which 

are then transferred to the foundations. 

Malta’s streetscape is defined through varying heights of URM buildings. When evaluating such 

buildings from a seismic response perspective, different frequencies of vibration are expected (Borg et 

al., 2008).  

 

2.2.4 Earthquake Ground Motion Parameters 

 

Ground Motion factors may be distinguished depending on the point of origin (source), path and also 

site effects. Whilst assessing ground motion behaviour during seismic action, the parameters, which 

prove to be most important would be the maximum amplitude, duration and frequency content. 

However, it is important to keep in mind that such factors vary depending on their site location and site 

conditions. This can be observed through varying effects experienced by different locations throughout 

the same seismic event. 

 

2.2.4.1 Duration 

 

Duration with respect to earthquake ground motion may be defined as being the period at which the 

ground begins to experience seismic waves up to the point it returns to its original condition. Shoji et 

al. (2004) also emphasize that, during the same earthquake event, the duration of the earthquake ground 

motion varies based on site location. 

Throughout the research work carried out by Shoji et al. (2004), design parameters, such as peak ground 

acceleration, duration and seismic intensity were categorised into two, namely the site or the event.  It 

was concluded that, in both categories, the results of duration vs amplitude vary inversely as follows: 
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0.05 ≤  
∫ 𝑎2(𝑡)𝑑𝑡

𝑡

0

∫ 𝑎2 (𝑡)𝑑𝑡 
𝑇

0
  

⁄ ≤ 0.95 

 

Equation 2 Duration 

2.2.4.2 Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV) and Peak 

Ground Displacement (PGD)  

 

One of the most important design parameters used to describe seismic action is the  Peak Ground 

Acceleration (PGA). It is defined as causing the greatest seismic force, which is induced onto a rigid 

body. This definition takes into consideration forces acting in the x, y, and z directions. The PGA is 

typically a high frequency motion. At times, it is also possible to use Peak Ground Velocity (PGV) in 

order to describe seismic action for structures, which happen to have a relatively longer natural period 

of vibration, such as bridges. In this case, the frequency of ground motion is generally of intermediate 

intensity. 

Peak Ground Displacement (PGD) is not a design parameter, which is regularly used to describe seismic 

action. However, it is generally governed by a low frequency of ground motion. It is mainly considered 

appropriate when dealing with structures, which have a prolonged natural period of vibration. 

Amplitude parameters are frequently measured through accelerograms. For instance, if one seeks to 

obtain a measure of the equivalent horizontal force of a particular structure throughout the occurrence 

of seismic action, it would be required to simply multiply the mass of the structure with the peak ground 

acceleration (PGA). Amplitude parameters may be misleading for the simple reason that a greater PGA 

does not necessarily mean that a greater structural damage is sustained by the building. A building may 

experience a lower PGA, but greater energy, and thus greater structural damage would be expected.  

 2.2.4.3 Frequency Content Elastic Response Spectra 

 

The intensity of an earthquake event is generally defined with respect to the ground acceleration and its 

variability across a time (return) period. Obviously, the ground acceleration differs with every 

earthquake event, which takes place. There are various methods by which this response may be 

measured. Elghazouli (2017) explains how the Duhamel’s integral approach may be used for this 

purpose, where ‘the earthquake record is treated as a sequence of short impulses, and the time-varying 

responses to each impulse are summed to give the total response’.  

The main aim of plotting acceleration response spectra is to determine the peak (maximum 

displacement/ acceleration/ velocity) value at which a single degree of freedom (SDOF) structure has 

responded to one particular earthquake event. In addition, when comparing different acceleration 

response spectra of different earthquake events, it is possible to notice similarities in the frequency 

content and their nature. These comparisons provide a better understanding of the behaviour of such 

events and how they can be considered for earthquakes in the future. 
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As previously described, there are essentially three types of elastic acceleration response spectra, 

namely: 

1. Displacement Response Spectra (PSD):  The purpose of a PSD is to obtain the maximum 

displacement of a SDOF system, whilst being subject to varying natural period of vibration and 

also damping. 

 

2. Acceleration Response Spectra (PSA): This parameter is dependent on the displacement 

response spectra. Stratan (2014) defines ERS as ‘the equivalent static force induced in an elastic 

structure with a unit mass’. 

 

 

𝑃𝑆𝐴 = (
2𝜋

𝑇
)

2

. 𝑃𝑆𝐷 

Equation 3 Acceleration Spectra 

 

 

3. Velocity Spectra (PSV): This parameter is dependent on the displacement spectra.  Stratan 

(2014) defines PSV as ‘related to the maximum strain energy induced in the system. 

 

𝑃𝑆𝑉 =
2𝜋

𝑇
 . 𝑃𝑆𝐷 

 

 

Equation 4 Velocity Spectra 

 

 

 

 

Figure 2 Accelerogram Comparison 
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Eurocode 8 categorises two types of elastic response spectra, namely Type 1 which deals with high 

seismicity areas (Ms > 5.5), and Type 2 which deals with moderate seismicity areas (Ms ≤ 5.5). These 

categories are further subdivided into segments depending on varying types of soil, as follows: 

 

A: Rock 

B: Very dense sand or gravel 

C: Dense sand or gravel, or stiff clay 

D: Loose-to-medium cohesionless soil, or soft-to-firm cohesive soil 

E: Soil profiles with a surface layer of alluvium of thickness 5 to 20m. These elastic response spectra 

take into consideration 5% as a structural damping ratio.  

 

Ultimately, the aim is to determine the lateral force being applied onto the structure and also the 

maximum displacement, which it is subjected to. From the above graphs, it is possible to determine Se, 

which is the peak spectral acceleration, and also to approximate values for the natural period of vibration 

(Tn) and the damping ratio ζ. 

When the structure experiences a damping force of zero, this would mean that the acceleration is at a 

maximum, and so is the displacement. 

 

𝐹 = 𝑚𝑆e 

Equation 5 Damping Force 

 

2.2.5 Factors affecting seismic activity 

 

The main parameters, which directly influence the behaviour of a building under seismic action 

include: 

• Local site conditions 

• Source Factors 

• Path Effects 

• Soil-Structure Relationship 

 

2.2.5.1 Local Site Conditions 

 

The soil layers found below a structure directly influence its response to ground motion. One of the 

effects, which may take place, would be soil amplification. Soil amplification varies for all ground 

materials whether it is rock, stiff soil, deep cohesionless soil or soft-to-medium clays and sands. Stiff 

soils tend to perform similar to rock, but with greater amplifications due to ground motion. The softer 

the ground material, the response spectra tend to stretch in the outward direction, and thus indicating 
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higher periods of vibration, which, in turn, produce greater amplification. On the other hand, rock and 

possibly harder soils generate low amplifications. Not only does it affect amplitudes, but also the 

duration and frequency content, which immediately bring about a change in the magnitude of the 

earthquake being experienced and also a difference in structural damage sustained by the building.  

 

 

2.2.5.2 Source Factors 

Stratan (2014) discusses the tectonic regimes as source factors. Tectonic regimes are essentially 

subdivided into the following categories: 

• Active Regions (Inter-Plate Earthquakes) 

The active regions are those earthquakes, which happen at large magnitudes. This would mean that 

large peak ground accelerations, durations and intensities are experienced. 

• Interior of Tectonic Plates (Intra-Plate Earthquakes) 

On the other hand, these earthquakes are of a much lower magnitude than those described above. 

These earthquakes are defined through lower frequency content, duration and intensities. 

• Subduction Zones 

Subduction zones are areas where two tectonic plate boundaries converge to a point, however, one 

plate rises above the other. The accumulation of stress occurs as the plates interlock with one 

another. Once an earthquake occurs, this energy is dissipated resulting in catastrophic structural 

damage. 

Stern (2002) essentially defines these areas as ‘sediments, oceanic crust, and mantle lithosphere return 

to and re equilibrate with Earth’s mantle.’ Any earthquake activity, which occurs within these zones 

take place at large depths. 

Figure 3 Acceleration Response Spectra for different local site 

conditions 

Source: Eurocode 8 (EN 1998) 
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Galea (2007) also expresses the impact of subduction zones on seismic hazard and makes reference to 

the fatal earthquakes, which took place within the Hellenic Arc. Seismic activity taking place within 

this zone can reach an intensity of up to VII and covers distances, which exceed 1,000km. 

 

 

 

2.2.5.3 Path Effects 

 

Just like any other wave, due to inhomogeneous terrain, seismic waves are prone to experience 

reflection, refraction, diffraction and multiple other obstacles. Path effects ultimately bring about a 

considerable increase in the duration of a seismic event depending on the movement of these seismic 

waves (Cardenas-Soto & Chavez-Garcia, 2003). The European Seismic Hazard Model aimed at 

providing the peak ground acceleration, which is expected in certain regions on the European Continent, 

depending on the return period of a seismic activity (Giardini, Wossner, & Danciu, 2014). 

Within Malta itself and areas close by, earthquakes of large intensities have been recorded since 1530. 

Path effects, which pose a hazard locally, would be the active fault zone of the Sicily Channel Rift Zone 

and, as mentioned in the previous section, the Hellenic Arc (Galea, 2007). Seismic waves can be used 

to locate the epicentre, and thus the direction of the earthquake source. 

One must not forget the impact of having clusters of buildings built close to one another. In such cases, 

these structure no longer act separately from each other, but rather tend to act in conjunction with those 

adjacent to them. The seismic energy accumulated in the ground strata is dissipated through vibrations 

from interacting structures (Lou et al., 2011).  

Figure 4 4 Subduction Zones 

Source: Hyndman & Wang, 1995 

 

Figure 55 Mechanisms of motion of tectonic plates at their boundaries 

Source: (Tomazevic, 1999) 
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As discussed earlier, the structural response to seismic action is also dependent on the contact between 

the building foundations and the soil strata below. Buildings, which rest upon softer forms of terrain, 

undergo enhanced motion leading to overturning moments. A crucial factor to keep in mind is also the 

direction of origin of the seismic wave. As tectonic plates slip onto one another, these seismic waves 

dissipate in concentric elliptical motions. The maximum wave energy is described through the 

alignment of such motion (Farrugia, 2022).  

 

2.2.5.4 Soil Structure Relationship 

 

Throughout their study, Mylonakis & Gazetas (2000) discuss the influence of seismic action upon the 

soil environment. Soft soil environments may amplify the fundamental frequency of a seismic wave, 

leading to rather catastrophic results. As a result of seismic loading, multi-storey buildings experience 

translational forces. However, in the event that such structures are also built on soft soils, the building 

also experiences additional rotational forces. In such instances, the waves of the structure and the soil 

do not vibrate coherently, but in an out-of-phase manner. 

Lou et al. (2011) found that, structures undergoing a seismic event, behave differently when constructed 

over different soil strata, and thus they compared flexible soil to a rigid base. Tamari & Towhati (2003) 

also carried out a study dealing with soil-structure interaction, the soil being under the process of 

liquefaction. Liquefaction generally occurs in soils, which are cohesionless, leading structures to 

collapse or sink. 

  

Table 2 Wave propagation in various types of soil 

Source: (Tomazevic, 1999) 

Figure 6 Propagation of seismic waves from the rock to the 

surface 

Source: (Tomazevic, 1999) 
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Chapter 3: Failure Modes of Unreinforced Masonry Buildings 

3.1 Introduction 

 

Locally, masonry has been a building material of choice due to its abundance in supply. Thus, it is used 

mainly due to its cost effectiveness, and also workmanship is considered to be easier than that entailed 

by steel or concrete. However, over the years, it was gradually realized that masonry is subject to 

collapse due to its sole ability to withstand compressive loads. In addition, one must also take into 

consideration the interaction between block and mortar. A mortar paste is generally spread over the 

surfaces of a block so as to connect each block in compression and shear. This also allows the load to 

be distributed in an even manner within the staggered blocks. In Italy, many retrofit interventions have 

been implemented within URM buildings due to their seismic vulnerability at the connections 

(Frumento et al., 2006).  

Figure 7 Effect of soil-structure interaction 

Source: (Mylonakis & Gazetas, 2000) 

 

Figure 8 Deformation of the building and typical damage to structural wall 

Source: (Tomazevic, 1999) 
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Camilleri (1988) highlights the negative consequences with the widespread use locally of masonry as a 

building material, since it is weak in tension owing to its lack of material ductility. In areas in a URM 

building where tension is developed, it may be necessary to use of reinforcement or also post-tensioned 

masonry. 

(Bhowmik & Mohanty, 2008) Numerous research studies have been carried out over the years on URM 

construction due to the structural collapse of masonry buildings during earthquakes, and this makes it a 

cause of concern. Bhowmik & Mohanty (2008) identified several failure modes, which could take place 

due to the additional loads acting on a structure experiencing vibrations due to earthquakes, such as: 

• Sliding Shear Failure 

• Diagonal Cracks 

• Non-Structural Failure 

• Failure due to overturning 

Bothara & Brzev (2011) outline several deficiencies of URM buildings, namely: 

• Lack of structural integrity 

• Roof collapse 

• Wall delamination 

• Out-of-plane collapse 

• In-Plane Shear Cracking 

• Poor quality in construction 

• Foundation issues 

Table 3 Compressive Strength of Masonry 

Source: (Camilleri, 1988) 
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3.2 Walls 

 

Structural integrity is ultimately dependent on the degree of the connection between walls, wall-to-floor 

connections and also wall-to-roof connections. As can be seen in Figure 9 (a) the structural walls 

perform independently from on another due to their loose connection. Walls which happen to be 

orthogonal to the direction of propagation of the seismic wave experience out-of-plane vibrations. Walls 

which are parallel to the direction of propagation experience in-plane vibrations. In contrast, in Figure 

9 (b), the structure acts monolithically due to diaphragm action when subject to seismic loading. 

The performance of masonry load-bearing walls when subject to seismic loading is highly dependent 

on the point of application horizontally. This is because masonry walls are generally designed to be 

higher in comparison to their thickness. Furthermore, it is important to take into consideration the wall’s 

geometry in terms of particular structural members, such as location piers, lintels, nodes and openings. 

All these structural elements contribute in determining the stiffness and slenderness of in-plane loading 

(Lourenco et al., 2011).  

Tomazevic (1999) outlines the ideal type of masonry, which is to be made use of depending on the 

seismicity of the area and also its structural system, as follows: 

 

 

 

 

Table 4 Recommended maximum distance between structural walls 

Source: (Tomazevic, 1999) 

Figure 9 Masonry building during earthquake shaking a) loosely connected 

walls without slab at roof level, and b) a building with well-connected walls 

and a roof slab 

Source: (Tomazevic, 1999) 
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3.2.1 Wall Openings 

 

Tomazevic (1999) recommended that, when designing masonry structures, one must give careful 

consideration to the position and size of openings within walls. The position of openings contributes to 

the resistance against seismic loading when applied in-plane. As seismic loading is applied onto a 

structure, a large portion of the stress distribution tends to concentrate at the openings, and thus resulting 

to major cracks. 

The ideal locations to position openings are as follows: 

• In walls, which distribute a lower vertical gravity load 

• In both orthogonal directions, equally to allow for a symmetrical plan 

• They shall not intervene with any structural beam 

• Ensure alignment to both the horizontal and the vertical directions 

• Shall not be located at beam supports due to concentrated loading 

Wall openings properties, which provide reduced stiffness (Parisi & Augenti, 2012) include: 

• Differently-sized openings 

• Number of openings at each floor is irregular 

• Openings that do not align neither to the horizontal nor the vertical from floor to floor 

 

 

Figure  10 a) horizontal irregularity, b) vertical irregularity, c) offset irregularity, and 

d) variable openings number irregularity 

Source: (Parisi & Augenti, 2012) 
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3.2.2 In- Plane Loading 

 

Under the effects of seismic loading, in-plane structural damage tends to be less prevalent than that 

which occurs out-of-plane. Many times, contributing factors, which lead to in-plane failure would be 

the insufficient mortar strength and the structural inefficiency in the construction of the walls. 

Figure 11 Diagonal Cracking due to different opening heights for (a,b) rightward and (c,d) 

leftward orientation of seismic action 

Source: (Parisi & Augenti, 2012) 

Figure 12 In-plane damage of stone masonry walls: a) typical wall with openings b) rocking failure, and c) diagonal shear 

cracking (adapted from Murty 2005) 

Source: (Bothara & Brzev, 2011) 
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As seismic waves are applied in-plane to the structure, there could be two types of failures, namely 

flexural failure or shear failure. Flexural behaviour may essentially be categorized into two types, 

namely rocking and crushing. Rocking can be seen in Figure 13 (b), where the masonry piers between 

openings tend to rotate about a toe in a direction opposite to that of the seismic wave. Crushing occurs 

in areas where large concentrations of load are found, and thus lead to sub-vertical cracks. 

On the other hand, shear failure may be categorized into two types, namely sliding and diagonal 

cracking. Figure 13 (c) shows the possibility of having diagonal cracking. Diagonal cracking generally 

occurs when the masonry’s tensile resistance is not sufficient to withstand the tensile stress being 

applied. Diagonal cracking usually propagates from the centre point of the pier. Normally, the walls, 

which are the most vulnerable to this sort of failure, would be those at the bottom-most floor due to the 

accumulation of loads from upper floors being directed towards it. 

In sliding shear failure, sliding occurs parallel to a horizontal bed joint plane due to insufficient shear 

resistance of the mortar joints (Calderini et al., 2008) (Bothara & Brzev, 2011) 

 

3.2.3 Out-of-Plane Loading 

 

The most prominent issue of masonry structures under the effect of earthquake actions would be that of 

out-of-plane loading. Out-of-plane loading gives rise to both tension and compression at opposing faces 

of masonry walls. The scale at which displacement occurs is dependent on the ratio between both the 

in-plane gravity load and bending moment. 

Figure 13 Typical failure modes of masonry piers a) rocking, b) sliding shear failure, and c) diagonal 

cracking 

Source: (Calderini et al., 2008) 

Figure 14 Collapse mechanisms due to out-of-plane action 

Source: (Ferreira et al., 2015) 
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One of the main contributing factors to this form of seismic vulnerability would be its low strength-to-

mass ratio. Therefore, the structure is insufficient in terms of its strength and stiffness. Out-of-plane 

loading may also bring about overturning. Out-of-plane collapse requires a much lesser force to produce 

damage in comparison to that required to produce in-plane damage. 

The previous section discussed how in-plane failure generally occurs at the lower levels of a structure. 

In contrast, out-of-plane failure is more likely to directly influence the top-most parts of the structure. 

This is because, as the building height is further increased, the vertical gravity load is at a minimum, 

and thus it is much less resistant to seismic acceleration than the bottom storeys of an URM structure. 

Critical features, which directly influence out-of-plane failure, include: 

• Wall slenderness must be stable enough 

• Connections between walls and horizontal structures must ensure monolithic behaviour rather 

than structural elements vibrating independently 

• Rigid diaphragms 

• Brick-and-mortar joints must be adequate 

(Ferreira et al., 2015) 

3.3 Diaphragms 

 

The last major factor which contributes to an existing URM structure withstanding seismic loading 

would be the effectiveness of diaphragms with respect to their in-plane stiffness. If the diaphragm is 

not adequately connected to the masonry walls, then lateral loads imposed through seismic action are 

not suitably distributed to the foundations. Slabs are horizontal elements, which allow the structure to 

act monolithically (Piazza et al., 2008). 

Essentially, the floor slab acts as a simply supported beam whose span to depth ratio is relatively lower 

in comparison to that of a beam. In addition, it experiences both bending and shear forces in the 

horizontal direction (Diaphragms, 2022). 

Diaphragms may be categorized into three types namely: 

• Fully Rigid 

Fully-rigid structures behave monolithically, and thus this would mean that any loads acting onto 

the slab are efficiently directed to its supporting piers or masonry walls. Some of the forces acting 

on such an element due to seismic action would be inertia, torsion, and shear. Due to their sufficient 

connections to supports, damage is highly improbable. Fully-rigid diaphragms can ‘translate and 

rotate but cannot deform’ (Adams, 2020). 

Figure 15 Rigid diaphragm action 

Source: (Murty et al., 2012) 



37 

 

• Flexible 

When taking into consideration flexible diaphragms, their stiffness is practically insignificant. 

Therefore, the diaphragm, in this case, would not be serving its purpose to transfer horizontal loads to 

its supports. Unlike fully rigid diaphragms, flexible slabs are capable of deforming and may undergo 

greater damage (Adams, 2020). 

• Semi-Rigid 

A semi-rigid diaphragm may be described as a slab, which retains properties pertaining to both rigid 

and flexible diaphragms. A semi-rigid diaphragm exhibits some stiffness, however it is still capable of 

enduring translation, rotation, and some deformation. The extent to which deformation occurs affects 

the distribution of loads to its supports. Hence, the slab may suffer some damage due to its partial 

deformation (Adams, 2020). 

 

The above diagram is extracted from a report written by Piazza et al. (2008), which a) depicts the load 

distribution and b) shows the ideal load distribution in controlled environments. 

One must also take into consideration that seismic action may be acting on multiple adjacent structures. 

One of the main causes of structural damage could be caused by pounding of adjacent buildings against 

each other. The structural characteristics of one building to another are usually different and, thus, 

seismic action may lead to oscillations, which are out-of-phase. Due to the hammering action, rigid 

diaphragms transmit concentrated lateral loads onto adjacent buildings.  

Figure 16 Load distribution across diaphrams 

Source: (Piazza et al., 2008) 

Figure 17 Pounding action on a) same-storey levels, b) different storey levels 

Source: (Brincat, 2020) 
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3.4 Foundations 

 

Bothara & Brzev (2011) outline that, throughout a seismic event in 2005 in Pakistan, buildings which 

had an appropriately sized foundations for their requirements, endured much less structural damage in 

comparison to the buildings, which made use of inadequately sized foundations. However, they also 

highlighted the importance of the soil – structure relationship. 

One ought to consider the possibility of strengthening existing foundations, however it is a rather 

laborious and expensive task. There are essentially two ways in which this strengthening may be done, 

namely either by underpinning or otherwise through the construction of a reinforced concrete 

supporting beam. 

In order to ensure an enhanced earthquake performance, one might also consider the use of piles, 

especially in sites defined through loose sand, uncompacted soil, or soft clay. In such cases, the piles 

need to be designed deep enough to reach the most stable form of ground. 

 

 

 

 

 

 

 

 

 

Figure 18 Strengthening existing foundation a) underpinning the foundation, 

and b) external RC belt 

Source: (Bothara & Brzev, 2011) 
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Chapter 4: Retrofitting Techniques 

4.1 Introduction 

 

As previously discussed, the main issue with the use of URM construction would be its inability to 

withstand imposed lateral loads due to seismic action. The previous chapter briefly outlined some of 

the factors, which bring about poor seismic performance in a building. This chapter aims to deal with 

the available options, which may be implemented in order to improve the earthquake performance of 

most of the local URM construction types instead of complete demolition. 

In order to outline the ideal retrofitting strategy for a particular case, one has to take into consideration 

the following constraints (Bothara & Brzev, 2011): 

• Socio-economic 

• Structural system 

• Construction materials 

• Quality of construction 

• Building condition 

• Site condition 

 

4.2 Ties & Tie Rods 

 

The use of steel ties has been commonly used as a solution for seismic retrofitting. Usually, their 

thickness varies between 16mm-20mm and they are mounted in parallel beneath horizontal elements, 

such as floors or roofs. Confinement is provided at the rods’ ends using anchor plates. The main aim 

behind the implementation of such a retrofitting technique is to enhance the connection between walls 

and roofs and to prevent these elements from vibrating independently. Such ties are also highly effective 

when they are connected to flexible diaphragms as they provide an increase in their in-plane stiffness, 

thus lowering any bending moments generated (Bothara & Brzev, 2011). 

 

Figure 19 Plan view showing use of steel ties connected through anchor plates 

Source: Source: (Bothara & Brzev, 2011) adapted from (Tomazevic, 1999) 
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4.3 Steel Frames & Trusses   

 

Global case studies have proven that steel frames and trusses are a suitable form of seismic retrofit.  For 

instance, Abeling et al. (2018) made use of steel trusses oriented in the vertical direction in order to 

reinforce the building to withstand in-plane loading. Utilising a steel frame, also aids the building in 

increasing its structural rigidity. 

 

In addition, the seismic analyses conducted by Ismail (2019) concluded the following: 

• Due to the additional stiffness provided to such structures, they were able to reduce the 

fundamental period of vibration of a structure.  

• A significant decrease in inter-story drift was observed.  

• The shear resistance experienced at the base of a structure was enhanced, and thus reduced the 

possibility of moments taking place, which could lead to overturning. 

Ismail (2019) showed that such retrofit techniques are capable of improving their base shear 

resistance due to improved in-plane stiffness.  

Figure 20 Retrofitting of Moorhouse Avenue using Vertical Trusses 

Source: (Abeling, Dizhur, & Ingham, 2018) 

Figure 21 Base shear-to-weight ratio for varying storey 

levels in comparison to existing 

Source: (Ismail, 2019) 
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4.4 Seismic Bands (Ring Beams) 

 

Seismic bands are essentially seen as the most promising form of retrofitting technique used in URM 

buildings. They are generally applied in locations, such as roofs, floors, or lintel levels. Their efficacy 

is entirely dependent on their material and the quality of workmanship. The main aim of such an 

installation would be to enhance the connections between horizontal elements to walls and other vertical 

structural elements, thus ensuring monolithic behaviour. 

In cases where there are large openings, the effective wall height, which resists out of plane action, is 

significantly reduced. Therefore, employing seismic bands, reduces the stresses experienced in bending 

in the event of an earthquake. 

As shown in Figure 22, a seismic band undergoes both compression and tension. The seismic band, 

which lies orthogonal to the seismic wave, undergoes bending, whilst the seismic band, which lies 

parallel to the seismic wave, undergoes tension. These seismic bands may either be constructed using 

timber or reinforced concrete. However, the latter has proved to be more durable (Bothara & Brzev, 

2011). 

4.4 Base Isolation  

 

When utilizing base isolators, the main aim is to set apart the motion imposed on the building due to 

seismic action from the ground motion itself. Therefore, this allows the building to restore its natural 

period of vibration. Through the use of this form of retrofit, the structural damage suffered by buildings 

is greatly diminished, both structurally and architecturally. However, one must keep in mind that such 

a technique should be thought of early in the seismic design stage, since it is rather difficult to make 

use of this technique on existing buildings due to difficult installation issues. There are primarily two 

types of available base isolators, namely sliders, which are either composed of Teflon or stainless steel, 

or otherwise it is possible to make use of elastomeric bearings, which are either of Neoprene or natural 

rubber (Guh & Altoontash, 2006). 

 

Figure 22 Application of seismic bands 

Source: (Bothara & Brzev, 2011) adapted from 

(Murty, 2005) 
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4.5 Jacketing  

 

Jacketing is ultimately defined by Bothara & Brzev (2011) as being the treatment of a masonry surface 

either by using shotcrete, micro-concrete or also reinforced mortar. Once the surface of a wall is treated 

using either of these processes, it is kept in place through the installation of wall anchors. If the 

installation is carried out appropriately, the resistance of the structure to both in-plane and out-of-plane 

loading is substantially enhanced.  

For such a measure to enhance the wall seismic behaviour, proper adhesion between the freshly applied 

jacketing and the existing wall surface is to be ensured. This retrofitting technique increases the weight 

of the walls, and thus overturning moments are further reduced. Ideally, it is also applied to both inner 

and outer surfaces of the wall, however this at times may not always be feasible.  

 

4.6 Wall-to-floor/roof connections  

 

As previously discussed, one of the main issues experienced by the URM buildings in the event of 

seismic action is that the connection tying walls to roofs and floors is not sufficient to allow them to 

behave simultaneously. 

One may consider opting for the installation of steel straps. The connection between external walls and 

diaphragms is ultimately dependent on their orientation to one another. Beams, which are constructed 

parallel to the external wall, may make use of V-shaped straps, whilst beams, which are constructed 

perpendicular to the external wall, may simply make use of a vertical strap. These steel straps are 

connected by anchor bolts. By applying straps, the diaphragm’s ability to endure tension is enhanced.  

In addition, one may decide on the benefit from diagonal bracing systems to further stiffen existing 

diaphragm elements. However, one must also question the cost-effectiveness of such measures as it 

may be much more economically feasible to possibly reconstruct a floor slab, which fits the required 

criteria. 

Figure 23 Jacketing layered process 

Source: (Bothara & Brzev, 2011) 
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4.7 Grout Epoxy Injections  

 

This retrofitting method is a very popular one. Grout epoxy injections may either be cement-based or 

also polymer-based. For URM buildings, cement-based grouts are preferred because of familiarity with 

the material. In addition, the process of application is rather straightforward. (Elsayed & Ghanem, 

2017), The application process is briefly described below: 

• Holes are drilled using a drilling machine 

• Holes are cleaned from the debris 

• Plastic tubes are inserted into the drilled holes 

• Water is injected into the holes to assess their efficiency 

• Any holes, which are deemed inefficient, are closed, whilst the others are prepared for grouting 

• The grout mix is thoroughly filtered for coarse material 

• Grout is then injected through the use of a rubber syringe 

Figure 24 Steel straps for wall-to-floor anchorage: a) floor beams perpendicular to wall and b) floor beams 

parallel to wall 

Source: (Bothara & Brzev, 2011) adapted from (UNIDO, 1983) 

Figure 25 Grout Procedure 

Source: (Elsayed & Ghanem, 2017) 
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The main aim of this retrofit solution is to strengthen a masonry wall against out-of-plane action. The 

grout is generally applied to the voids or through the drilling process as explained above. However, 

Tomazevic (1999) discourages the use of epoxy grout in cases where cracks or voids in masonry walls 

happen to be larger than 10mm. 

4.8 FRP/GFRP Systems  

 

The use of Fiber Reinforced Polymer seems to be a reaction to the laborious procedure used in jacketing. 

FRP is an alternative to the steel mesh reinforcement, and, when combined with plaster mortars, it 

replaces the traditionally used cement-mortar mix. Throughout the study carried out by Triller et al. 

(2017), glass fiber reinforced polymer (GFRP) was utilized to test its efficacy when applied to masonry. 

It was determined that GFRP was a hopeful solution, especially in aiding the masonry walls through 

increased shear resistance and increased rigidity. However, one of the drawbacks observed was the 

possibility of delamination between the masonry and the GFRP. Proper adhesion of both systems is to 

be ensured. 

 

 

 

 

 

 

 

Figure 26 Strengthening of walls through GFRP 

Source: (Triller et al., 2017) 
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4.9 Post-tensioning Tendons 

 

URM structures prove to be vulnerable to large tensile stresses, and buildings of a certain vertical height 

are prone to experience out-of-plane flexural failure. To improve the URM building’s tensile strength, 

one can make use of vertical post-tensioned tendons. The quality of these post-tensioned tendons relies 

on the post-tensioning force used, the confinement of these tendons (whether they are left unbonded, or 

bonded to the cavities with URM walls), the types and spacing of tendons, and finally the restraint 

conditions Ismail et al., 2011)  

One could also make use of post-tensioning to improve the bending capacity of masonry walls. 

 

4.10 Ring Beams 

 

The benefit of making use of ring beams is similar to that described for seismic bands. They aid the 

connection between wall-to-floor and wall-to-roof by allowing the distribution of horizontal forces and 

they increase building resistance to overturning moments. Generally, such ring beams are installed at 

the top-most floors of a building due to the lower gravity loads experienced. 

There are mainly two variations, which may be used for this purpose, namely reinforced concrete or 

otherwise steel ring beams. Many times, steel ring beams are the preferred solution for the simple reason 

that they may be altered to suit any wall irregularities. In addition, due to their low self-weight, they 

impose minimal changes on the existing structure and its performance to seismic action. 

 

 

 

Figure 27 Use of RC ring beams 

Source: (Brincat, 2020) adapted from (Ferreira et. al., 2015) 
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Chapter 5: Seismic Vulnerability of Local URM Building Aggregates 

5.1 Introduction  

 

As seen locally and abroad, buildings generally form part of an entire compound defined by multiple 

building aggregates whose behavior affects the adjoining building through their interaction with one 

another. URM building aggregates also largely define the local urban context within the Maltese 

Islands. Building aggregates may have varying properties, such as the height of the individual buildings 

(single units) which make up the aggregate, the storey heights, the number of floors, the period during 

which the buildings were erected and their structural typology. Thus, URM building aggregates may be 

very complex to analyse seismically due to the several uncertainties associate with the dispersion of the 

horizontal seismic loading across structural elements of the URM buildings.  

It is important to note that locally, URM building aggregates often have shared party walls between its 

constituent single unit buildings, and thus loads coming from two adjacent structures are distributed 

across the center line of the shared party wall. The Italian O.P.C.M. 3431/05 (2005), M.D. 14/01/08 

(2008) and M.C. 02/02/09 n. 617 (2009) Standard, clearly states that a building aggregate is formed by 

a group of structural units, which are inhomogeneous and whose connection to one another is relatively 

efficient. A structural unit, SU, is an entire aggregate also including its parts “having a unitary and 

homogenous behavior towards static and dynamic loads” (Formisano, 2016).  

Structural engineers seek to analyze the response of multiple structural single units, which make up a 

URM building aggregate, when subjected to seismic loading. This allows the prediction of the URM 

building aggregate response to such loading. URM building aggregates is expected to have increased 

seismic performance compared to a URM single unit for the simple reason that horizontal loading is 

counteracted by group behavior. This structural behaviour has also been observed for URM building 

aggregates built using low quality masonry.  Another important point is that URM building aggregates 

are not modelled as a group of independent and individual URM single units side-by-side, as it would 

not reflect the interaction which occurs between the multiple structural single units during a seismic 

event. A possible modelling solution would be either to model the entirety of the URM building 

aggregate or to model one individual URM single unit with side restraints that portray the effect of 

adjacent single units (Formisano, 2016) (Borg, 2021).   
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5.2 Building Configuration of Local URM Building Aggregates and their Seismic Response 

5.2.1 Local Building Typologies and Characteristics 

 

The Maltese urban landscape is essentially characterized by the construction of blocks of apartments 

having their lowest floor being used as a basement garage. This building typology has recently 

outnumbered the construction of existing farmhouses and terraced houses due to the increasing demand 

for housing. One of the main construction materials used locally in existing URM buildings is 

Globigerina Limestone blocks, which constitutes a large part of the local geological formation, 

essentially covering more than half of Malta’s surface area (Bartolo, 2011). 

Another main construction material used extensively in recent years is hollow concrete blockwork 

(HCB). In fact, Globigerina Limestone masonry has nowadays been largely replaced by  HCB for 

internal walls and the rear external walls, except sometimes on the outer leaf of the double leaf masonry 

cavity wall on the street façade, which is constructed in Globigerina Limestone blocks for architectural 

purposes (Buhagiar & Tonna, 2012). 

 

Bonello (2018) considered the seismic behaviour of URM building aggregates composed of multiple 

URM single units. Beyond a certain number of URM single units within the URM building aggregate, 

it was observed that there was no additional benefit for the seismic performance of the aggregate and 

so, it would be ideal to incorporate seismic gaps at certain intervals within the aggregate. Such seismic 

gaps would need to be provided with the necessary width in order to avoid the risk of pounding in the 

event of an earthquake.  

As previously mentioned, many local URM building aggregates make use of a shared party wall, which 

eventually mean that, during an earthquake event, floor slabs from both parties would be directing their 

horizontal loads onto the slender party wall. If an independent party wall is used for every single, there 

would be a significant decrease in the axial stress within the party wall. However, such a scenario would 

not correspond to a URM building aggregate, since each single unit could be oscillating independently 

out-of-phase from the other adjacent single units. Furthermore, Bonello (2018) confirmed that the 

seismic resistance that could be achieved by a URM building aggregate constructed on rock using 

Globigerina Limestone is up to 150% of the seismic resistance of a corresponding URM single unit. 

 

 

Figure 28 (left) Two skins of 230mm soft stone with a 50mm cavity, total 510mm and (right) Two skins of 160mm soft stone, 

typically with no cavity, total 360mm 

Source: (Buhagiar & Tonna, 2012) 
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Camilleri (2003) outlines the importance of risk minimisation measures, which should be implemented 

within the Maltese Islands in order to reduce seismic risk. Camilleri (2003) recommended that URM 

buildings should make use of reinforced masonry walls made of HCB, which is infilled with concrete 

and vertical steel bar reinforcement in order to connect the reinforced concrete floors slabs to the vertical 

wall structural system. 
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Chapter 6:  Research Methodology 

6.1  Lateral Stiffness of Masonry Walls 

 

This dissertation is a continuation of the research work carried out by Borg (2021), who investigated 

the seismic resistance of an existing residential URM building aggregate constructed using Globigerina 

Limestone with M2 mortar strength and composed of single units, each with a plan aspect ratio 1:4 

(corresponding to the maximum ratio prescribed EC8).  Borg (2021) considered several different 

unretrofitted URM building aggregates, each having a soft storey basement, in order to determine safe 

number of floors in the aggregate, beyond which it would fail under seismic loading. A peak ground 

acceleration of 0.10g with a return period of 475 years (corresponding to the design earthquake for the 

Maltese Islands) was considered throughout this research study. This dissertation will adopt the same 

design parameters considered by Borg (2021) in order to be able to compare the results of unretrofitted 

and retrofitted URM building aggregates. Moreover, as in Borg (2021), Ground Types A (Rock subsoil), 

B (Stiff Clay) and C (Weak Clay) were also considered.  

In this dissertation, the URM building aggregates have been assumed to be retrofitted within the soft 

storey basement by means of the installation of moment-resisting portal frames constructed either using 

structural steelwork or reinforced concrete. In order to facilitate the installation of these plane frames 

within the basement, it has also been assumed that the foundations would be pinned, even though the 

corresponding sway resistance would be one-fourth of that for fixed base foundations. Using 3DMacro, 

several non-linear static pushover analyses were carried out in order to determine the safe height of a 

URM single unit and also of other URM building aggregates subjected to seismic loading.  

The first step throughout this research study was to obtain the lateral sway stiffness of the transverse 

masonry shear walls at Ground Floor, which were missing within the basement level. This lateral 

stiffness was then to be replicated within the soft storey using moment-resisting plane frames situated 

directly beneath the transverse masonry shear walls within the Ground Floor. This lateral sway stiffness 

(Bhowmik & Mohanty, 2008) was computed as suggested by Bhowmik & Mohanty (2008) and 

Alexander (2010), using Microsoft Excel spreadsheets for computational simplicity. 

As stated earlier, throughout this research study, the moment-resisting frames were assumed to be 

pinned and not fixed at the base foundations. Thus, the sway stiffness of each of the two columns 

making up the single bay plane portal frame would be: 

 

𝐾𝑠 =
3 𝐸 𝐼

𝐿3
 

Equation 6 Sway Stiffness of Pinned-Base Columns 

On the other hand, the sway stiffness of each of the two columns, which are fixed at the base would be: 

 

𝐾𝑠 =  
12 𝐸 𝐼

𝐿3
 

Equation 7 Sway Stiffness of Fixed-Base Columns 
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Where: 

E: Young’s Modulus of Elasticity 

I: Moment of Inertia 

L: Length of column 

 

In addition, as suggested by Arnold (2001), a building was assumed to be irregular if there is a difference 

in sway stiffness between one level and another of more than 30%. Thus, Ks, the sway stiffness  of the 

portal frames introduced in the basement cannot be less than 70% of Km, the sway stiffness of the 

overlying transverse masonry shear wall at Ground Floor. In this regard, the original intention of this 

research study was to consider plane frames in the soft storey basement with both a reduced sway 

stiffness (70% of Km) and a full sway stiffness (100% of Km) in order to investigate the relative structural 

efficiency of both scenarios. However, as will be discussed later, the sway stiffnesses of the structural 

steelwork column section sizes available on the market were far smaller than the above required sway 

stiffnesses.  For this reason, it was decided to use instead sway stiffnesses of 35% of Km and 50% of 

Km in the parametric seismic analyses carried out.   The following procedure was used to determine the 

input data for the 3D Macro software: 

Step 1: Identify general information 

Properties: 

• Density of Concrete: 24 kN/m3 

• Density of Masonry Wall: 20 kN/m3 

• Density of Screed/Finish: 18 kN/m3 

Building Dimensions: 

• Length: 24.83m 

• Width: 6.03m 

• Height: 15.35m (initial building height before it is increased for additional floors) 

Figure 29 left) Fixed-fixed Sway Column, (right) Pinned-fixed Sway Column 

Source: (Alexander, 2010) 
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Building Ratios: 

• Height-to-width: 2.546 (initial building ratio before it is increased for additional floors) 

• Length-to-width: 4.118 

Step 2: Determine the total dead load and live load accumulated at each level 

 

 

Table 5 Accumulation of Dead Load 

Source: (Author, 2023) 
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Step 3: Determine the Seismic Weight of the structure 

For this part of the procedure, reference was made to EN1991-1-1:2002 Table 4.2 in order to determine 

φ (dynamic magnification factor) , ψ 2,I  (factor for combination value of a variable action (imposed 

load)), and, hence, ψ E,I., the reduction factor for variable action.  For this purpose, the Equivalent 

Lateral Force (ELF) Method was used. The seismic weight is the sum of the full Dead Load acting at 

each floor centre and a reduced Imposed Load. These forces are then accumulated at each floor, making 

up the seismic weight of the structure. Noting that seismic weight is equal to the seismic mass multiplied 

by the acceleration due to gravity, g (9.81m/s2): 

𝑆𝑒𝑖𝑠𝑚𝑖𝑐 𝑀𝑎𝑠𝑠 =  𝛴 𝐺𝑘,𝑗 +  𝛴 ψ E,I 𝑥 𝑄𝑘,𝑗   

Equation 8 Seismic Mass 

Where: 

Gk,j: Dead Load 

Ψ: Live Load reduction factor  

Qk,j : Live Load  

ψ
𝐸,𝐼

=  𝜑 𝑥 ψ2,𝐼 

Equation 9 Factor for combination value of a variable action 

 

 

 

Table 6 Final Dead Load & Live Load values 

Source: (Author, 2023) 
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The following values were adopted: 

Φ = 1.0 

Ψ2,I = 0.3 

ΨE,I = 0.3, as 1.0 x 0.3 = 0.3 

 

 

 

 

 

Table 8 EN1990:2002 Annex A1, Table A1.1 

 

Table 7 Result values for seismic weight 

Source: (Author, 2023) 
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Step 4: Base Shear Force and Force Distribution 

Before obtaining a value for the base shear force, it is necessary to determine the fundamental period 

of vibration, T, of the building using EC8: 

𝑇 = 𝐶𝑡 
𝑥 𝐻

3

4 

Equation 10 Fundamental Period of Vibration 

Where, T is the periodic time, and H is the height of the building. In this case, Ct is 0.05, as obtained 

from EN1998-1: Cl. 4.3.3.2.2 (3) under the category of all other structures. 

In order to determine the base shear force, FB , the building was classified as Class II ( EN1998-1: Cl. 

4.2.5 Table 4.3) and the type of soil considered was Ground Type A (rock) ( EN1998-1: Cl. 3.1.2 Table 

3.1). It is also necessary to identifying the time period parameters associated with the design 

acceleration response spectrum, Sd(T1). In this case, a Type 2 elastic acceleration response spectrum 

was adopted, corresponding to the genera seismicity of the Maltese Islands. 

 

Fb = 𝑆𝑑(𝑇). 𝑚 . 𝜆 

Equation 11 Base Shear Force 

and, 

𝐹𝑏 =  
𝜆 𝑤 𝑆𝑑  (𝑇1)

𝑔
 

Equation 12 Base Shear Force in terms of seismic weight of the building 

where: 

λ is the correction factor, the value of which is equal to 0.85 if T1 ≤ 2TC 

w is the cumulative seismic weight 

Sd(T1) is the design acceleration response spectrum for the fundamental (first mode) time period, T1 

g is the acceleration due to gravity taken as 9.81 m/s2 

 

𝐹𝑖 = 𝐹𝑏 𝑥 
𝑧𝑖 𝑥 𝑚𝑖

𝛴 𝑧𝑗 𝑥 𝑚𝑗
 

Equation 13 Horizontal Distribution of Base Shear Force 

where: 

Fb is the base shear force, which is calculated from Equation 13. 

Zi is the vertical distance of the mass relative to the location of application of the base shear force 

Mi is the mass at each seismic level calculated in Step 3 

Fi the horizontal force at the seismic level being taken into consideration 
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Step 5: Determination of Wall Rigidities 

In this part of the analysis, it is necessary to distinguish whether each transverse masonry shear wall 

may be considered to be a cantilever wall or a fixed pier. In locations where solid continuous walls are 

located, the wall may be deemed to be acting as a cantilever wall whose fixity solely lies at the bottom. 

In locations where transverse walls have openings present, the wall is then further subdivided into areas 

categorised as strips and piers. The strips, alternatively referred to as spandrel beams, obtain their fixity 

at the top (to the spandrel beam) and at the bottom (to the foundation). Both the strips and piers are then 

defined according to their height-to-width ratio as demonstrated in Figure 30. 

It is worth noting the importance of the sway deflection at this stage. In accordance with Taly (2010), a 

wall containing openings may be referred to as a perforated wall. Perforated walls drastically reduce 

the sway stiffness of the wall in comparison to that of a solid wall. Thus, the resulting sway rigidity of 

the wall is much lower, even though their overall dimensions may be the same. The solid wall, which 

ultimately possesses a much greater stiffness, would thus attract a greater portion of the lateral load 

acting on the structure. 

 

For perforated walls, a wall is initially considered solid, thus acting as a cantilever. Then, the sway 

deflection experienced in the strip is determine, and this value is then subtracted from the deflection of 

the solid cantilever wall. The final step involves adding the sway deflections of all piers within the wall. 

This procedure is summarised in Equation 14. The sway rigidity of the wall is then a result of the 

reciprocal of its deflection as shown in Equation 15. 

 

𝛥𝑇𝑂𝑇𝐴𝐿 𝑊𝐴𝐿𝐿 =  𝛥𝑆𝑂𝐿𝐼𝐷 (𝐶) −  𝛥 𝑆𝑇𝑅𝐼𝑃 (𝐶) + 𝛥𝑃𝐼𝐸𝑅𝑆 (𝐹) 

Equation 14 Total Deflection of the Wall 

1

𝑅𝑊
=  

1

𝑅𝑆𝑂𝐿𝐼𝐷 (𝐶)
−  

1

𝑅𝑆𝑇𝑅𝐼𝑃 (𝐶)
+  

1

𝑅𝑃𝐼𝐸𝑅𝑆 (𝐹)
 

Equation 15 Rigidity of the wall 

𝑅𝐶 =  
𝐸𝑚  𝑡

4 (ℎ 𝑑)3 + 3(ℎ 𝑑)⁄⁄
 

Figure 30 Shear Wall with openings 

Source: (Taly, 2010) 
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Equation 16 Rigidity of a cantilever wall 

𝑅𝐹 =  
𝐸𝑚  𝑡

(ℎ 𝑑)3 + 3(ℎ 𝑑)⁄⁄
 

Equation 17 Rigidity of a fixed pier 
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Table 9 Division of each wall segment into solid, strip and pier 

Source: (Author, 2023) 
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Table 11 Rigidity of each wall 

Source: (Author, 2023) 

 

Table 10 Continuation of Table 9 

Source: (Author, 2023) 
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6.2  Retrofitting  Plane Frames in the Soft Storey Basement 

 

This section deals with finding the required structural steelwork and reinforced concrete column 

sections, which have the equivalent sway stiffness of the overlying transverse masonry shear walls. In 

order to obtain this sway stiffness, one must multiply the value wall rigidity, obtained in the previous 

section, with the thickness of the wall and the Modulus of Elasticity of masonry. As described in the 

previous section, pinned-fixed (pinned at the base and rigid at the beam/column eaves connection) 

columns were employed, and thus the sway stiffness of this column is as described in Equation 18. The 

main reason as to why pinned-base columns were selected would be so as to avoid the creation of 

moments within the foundation, which would require larger foundations adjacent to the third party 

walls. However, in this case, larger section sizes (than would have been required for fixed bases) are to 

be implemented to generate the rigidity, which is required.  

 

𝐼𝑐𝑜𝑙𝑢𝑚𝑛 =  
𝐿3

3 𝐸𝑠𝑡𝑒𝑒𝑙𝑥 𝑛𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑢𝑚𝑛𝑠
 𝑥 𝐾𝑤𝑎𝑙𝑙 

 

Equation 18 Moment of Inertia for a pinned-fixed column 

 

𝐼𝑐𝑜𝑙𝑢𝑚𝑛 =  
𝐿3

12 𝐸𝑠𝑡𝑒𝑒𝑙𝑥 𝑛𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑢𝑚𝑛𝑠
 𝑥 𝐾𝑤𝑎𝑙𝑙 

 

Equation 19 Moment of Inertia of fixed-pinned column 

 

L: Height of basement 

Esteel: Modulus of Elasticity of steel 

Kwall: Sway Stiffness of masonry wall 

Icolumn: Moment of Inertia of a column 

𝐾𝑤𝑎𝑙𝑙 = 𝑅 𝑥 𝐸𝑚𝑎𝑠𝑜𝑛𝑟𝑦 𝑥 𝑡 

Equation 20 Stiffness of masonry wall 

R: Wall rigidity 

Emasonry: Modulus of Elasticity of masonry 

t: Wall Thickness 

Kwall: Sway Stiffness of masonry wall 
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Once the sway stiffness of the column section was obtained using the above procedure, this value was 

multiplied by 2 in order to obtain the required sway stiffness for each plane frame and then multiplied 

by 0.7 to obtain 70% of Km (or by 1.0 to obtain 100% of Km). However, in the case of the structural 

steelwork plan frames, it was realised that the required column sway stiffnesses could not be catered 

for using the largest available section sizes on the market.  In the case of the reinforced concrete plane 

frames, the required column sway stiffnesses would have necessitated the use of excessively large 

column sections.  For these reasons, it was decided instead to provide plane frames with 35% of Km and 

50% of Km.  The corresponding resulting column stiffnesses are shown in Table 12. It should be noted 

that the values, which are marked in yellow, required additional steel flange plates, since the largest 

available section sizes available on the market could not provide the required column sway stiffness. 

As the seismic analyses were conducted, numerous hurdles were encountered, which led to the 

consideration of other options. Consequently, opting to examine the behaviour of both structural 

steelwork and reinforced concrete plane frames seemed to be a viable solution, along with varying 

levels of rigidity. In addition to the 35% of Km sway stiffness structural steelwork plane frames, this 

research study also considered 50% of Km sway stiffness structural steelwork plane frames, 35% of Km 

sway stiffness reinforced concrete plane frames, and also 50% of Km sway stiffness reinforced concrete 

plane frames. 

Section sizes used at each transverse wall for 35% Km sway stiffness structural steelwork plane 

frame: 

Wall A: HD 400 x 382 

Wall B:  HD 400 x 1299 + 20mm thick flange plates 

Wall C: HD 360 x 147 

Wall D:  HD 400 x 1299 + 5mm thick flange plates 

Wall E: HD 400 x 1299 + 50mm thick flange plates 

Wall F: HD 400 x 421 

Wall G:  HD 400 x 1299 + 35mm thick flange plates 

Wall H: HD 400 x 1299 + 10mm thick flange plates 

Wall I: HD 400 x 421 
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Section sizes used at each transverse wall for 50% Km sway stiffness structural steelwork plane 

frame: 

Wall A: HD 400 x 900 

Wall B: HD 400 x 1299 + 180mm thick flange plates 

Wall C: HD 360 x 347 

Wall D: HD 400 x 1299 + 140mm thick flange plates 

Wall E: HD 400 x 1299 + 200mm thick flange plates 

Wall F: HD 400 x 900 

Wall G: HD 400 x 1299 + 170mm thick flange plates 

Wall H: HD 400 x 1299 + 200mm thick flange plates 

Wall I: HD 400 x 900 

Section sizes used at each transverse wall for 35% Km sway stiffness reinforced concrete plane 

frame: 

Wall A: 400 x 700 

Wall B: 500 x 1200 

Wall C: 300 x 500 

Wall D: 600 x 1050 

Wall E: 500 x 1300 

Wall F: 400 x 700 

Wall G: 550 x 1200 

Wall H: 550 x 1100 

Wall I: 400 x 700 

Section sizes used at each transverse wall for 50% Km sway stiffness reinforced concrete plane 

frame: 

Wall A: 500 x 900 

Wall B: 700 x 1500 

Wall C: 400 x 650 

Wall D: 700 x 1400 

Wall E: 900 x 1500 

Wall F: 600 x 900 

Wall G: 850 x 1500 
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Wall H: 900 x 1500 

Wall I: 600 x 900 

Table 12 Required structural steelwork column sections for plane frame with equivalent sway stiffness of the stone masonry 

walls 

Source: (Author, 2023) 
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6.3 Non-Linear Static Pushover Analysis 

6.3.1 General Introduction 

 

Throughout this part of the research process, Gruppo Sismica kindly provided a full license to utilise 

the 3DMacro macro-element software program. The software provides an accurate representation of 

how the URM building is expected to deform and fail in a progressive manner when subjected to seismic 

loads. 

The static inelastic analysis is an approach, which may be adopted for new and existing buildings, and 

which quantifies the strength and capacity of the structure to withstand earthquakes.  The capacity 

pushover curve, which is achieved by such an analysis is also considered to be a more practical and 

realistic assessment of the structural behaviour during a seismic event (Shehu, 2021). 

The crucial parameters of behaviour as described by Alguhane et al. (2016) and Krawinkler & 

Seneviratna (1998) are: 

• Inter-story drift 

• Global drift 

• Inelastic element deformations depending on the yield value 

• Element deformations 

• Connection forces between elements 

The crucial difference between Pushover Analysis and the Conventional Seismic Analysis as described 

by Leslie (2012) is that both analyses estimate a value for lateral seismic load, which is calculated based 

upon the fundamental period of time. However, in Conventional Seismic Analysis, this lateral load is 

considered to be constant and applied uniformly all throughout the analysis, whereas in the Pushover 

Analysis, the lateral load is continuously re-calculated as the analysis progresses. 

Another fundamental distinction between both types of analyses lies in the fact that the Conventional 

Seismic Analysis employs an elastic model, whilst Pushover Analysis utilises a non-linear model where 

all the hinges are considered to be non-linear. At such hinge positions, significant failures are anticipated 

through cracking and yielding as the structure starts to approach its ultimate strength. 

Figure 31 Typical locations of hinges within a structural model 

Source: (Leslie, 2012) 
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Krawinkler & Seneviratna (1998) state that the pushover analysis is not based on fail-safe theoretical 

models. An assumption, which is usually made when using the pushover analysis is that the structural 

response may be directly correlated to a single degree of freedom (SDOF) system. Thus, the way in 

which the structure responds is ultimately dependent on a singular node, which is continuous all 

throughout the analysis. These assumptions were outlined by Leslie (2012). 

However, it is important to note that such analyses allow the prediction of the response of a structure 

rather than the precise determination of its failure, and thus safety factors will always be required due 

to the uncertainties in the seismic analysis. Additionally, the pushover analysis may also allow the 

determination of which structural members are most likely to experience failure mechanisms, so that 

appropriate strengthening measures of these members may possibly be carried out in the case of existing 

buildings. 

 

6.3.2 3DMacro 

 

Formisano & Chieffo (2018,) studied the efficiency and accuracy of several available seismic analysis 

software packages, one of which was 3DMacro by Gruppo Sismica, which was made use of in this 

research study. Figure 38 (left) shows a typical deformed state of a panel situated at the edge of a 

masonry wall. 3D Macro automatically converts these macro-elements into quadrilateral elements, 

which are interconnected with one another through springs. In this manner, this modelling approach 

correctly tackles possible failure mechanisms, which may be critical, such as shear taking place 

diagonally and sliding shear. In addition, 3D Macro also allows the analysis to be carried out in the X- 

and Y-directions, as well as in eccentric directions. 

 

 

 

Figure 32 (left) Modelling of a typical edge panel in its deformed state, (right) Wall modelled using a mesh of inter-

connected macro-element quadrilaterals 

Source: (Brincat, 2020) adapted from  

Left: (Formisano & Chieffo, 2018)  

Right: 3DMacro Manuale Teorico 
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In this way, a complex masonry structure may then be simplified into multiple quadrilaterals Figure 32 

(right). Every quadrilateral, or rather panel, may perform in conjunction with another panel due to a 

‘discrete distribution of non-linear springs’ as described by Panto et al. (2016). Each quadrilateral is 

composed of four rigid edges having a diagonal link, which replicates the behaviour of shear, whilst the 

springs at the interface model axial and flexural deformations. Figure 33 shows the orientation of 

springs at each interface, having a row of springs acting orthogonal to the interface, whilst another row 

acting parallel to the interface. The level of accuracy, which may be achieved throughout the macro-

element seismic analysis is dependent on the number of springs used at the element interface. 

 

 

 

 

 

 

 

 

 

 Figure 33 Equivalent mechanical representation of the macro-element (left) The plane macro-element 

(right) The spatial macro-element 

Source: Panto et al. (2016) 
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Figure 34 (a) Simplification of numerical model using 3D Macro (b) Resulting collapse mechanism 

Source: 3D Macro Manuale Teorico 
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6.4 Building Plans, General Layouts and Building Aggregate Combinations 

6.4.1 Introduction 

 

This dissertation examines the identical plan typologies explored in both Borg (2017) and Borg (2021). 

The residential URM building, shown in the figure below, portrays a single unit (SU) plan having an 

aspect ratio of 1:4, in accordance with the maximum ratio stipulated in EC8. Each URM building 

considered contains a soft storey basement. In addition, the URM building aggregates considered are 

composed of combinations of these URM single unit buildings situated side-by-side forming a row of 

adjacent SUs, each SU with the plan layout below (Appendix B). 
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Figure 35 Typical layout plan (left) basement level (right) all upper floors 

Source: (Author, 2023) 

350mm thick Cast-in-situ Concrete Slab 

 

350mm thick Cast-in-situ Concrete Slab 

230mm thick Globigerina Limestone Masonry Wall 

 

230mm thick Globigerina Limestone Masonry Wall 

180mm thick Globigerina Limestone Masonry Wall 

 

180mm thick Globigerina Limestone Masonry Wall 

Down stand beam 

 

Down stand beam 

225mm thick Cast-in-situ Concrete Slab 

 

350mm thick Cast-in-situ Concrete Slab 
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6.4.2 Plan Definition 

 

As previously mentioned, this research follows up on the work carried out by Borg (2021). Therefore, 

the SU properties adopted by Borg (2021) have also been used in this research study. Moreover, it 

should be noted that the SU considered is an already existing residential building. In addition, local 

Globigerina Limestone blocks with M2 mortar strength were considered. 

Plan size of the SU plot: 

 Width: 6.03m 

 Length: 24.83m 

Internal and external masonry wall thicknesses: 

 Façade & third party walls: 230mm 

 Internal walls: 180mm 
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6.5 Method of Seismic Analysis 

6.5.1 Definition of Material Properties 

 

The mechanical properties of masonry blocks and mortar were adopted from previous research carried 

out by Borg (2021), Brincat (2020), Cachia (1985) and Buhagiar (2019). 

 

Mechanical Properties of Masonry Blocks and Mortar 

Symbol Description Value (N/mm2) Reference 

Eb Young’s Modulus of Elasticity of 

Limestone Block 

21,000 Brincat (2020) 

Em Young’s Modulus of Elasticity of 

Mortar 

8,000 

 

Brincat (2020) 

Gb  Shear Modulus of Elasticity of Block 8,400 Brincat (2020) 

Gm Shear Modulus of Elasticity of Mortar 3,076.9 Brincat (2020) 

 Compressive Strength of Block 17.5 Xuereb (1991) 

 Compressive Strength of Mortar 2134 Brincat (2020) 

 Tensile Strength of Block 3 Cachia (1985) 

 Tensile Strength of Masonry 0 Brincat (2020) 

fmk  Characteristic Strength of Masonry 4.108 Buhagiar (2019) 

Table 13 Mechanical Properties of Masonry Blocks and Mortar 

Source: Borg (2021) adapted from Brincat (2020) 

Equation 21 has been used to obtain the smeared physical properties of the building materials used 

within the seismic analyses. This equation considers the relative proportions of masonry block and 

mortar areas individually in comparison to the entire area of the masonry wall. 

 

𝑋𝑡 =  
[ 𝑋𝑏 𝑥 𝐴𝑏 ] + [  𝑋𝑚  𝑥 𝐴𝑚 ]

[ 𝐴𝑏+𝐴𝑚 ]
 

Equation 21 Smeared property equation 

Source: Borg (2021) adapted from Brincat (2020)  

where: 

Xb: Material property of masonry block 

Ab: Area of one singular masonry block taken at elevation 

Xm: Material property of mortar block 

Am: Area filled with mortar taken at elevation 

Xt: Final smeared material property value (used in 3DMacro) 
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Smeared Properties of Masonry 

Symbol Description Value (N/mm2) Reference 

Ebm Young’s Modulus of Elasticity 20337.12 Brincat (2020) 

Gbm Shear Modulus of Elasticity 8128.52 Brincat (2020) 

fkbm Compressive Strength 20.03 Brincat (2020) 

ftbm Tensile Strength 2.85 Brincat (2020) 

τbm Shear Strength 0.603 Brincat (2020) 

Table 14 Smeared Properties of Masonry 

Source: Borg (2021) in Brincat (2020)  

6.5.2 Definition of Geometrical Properties 

6.5.2.1 Site Topography 

Initially, the research was based on a ground stratum classified as Ground Type A corresponding to 

strong rock. The site topography is also assumed to be flat for ease of computation. With regards to the 

elastic acceleration response spectra, the site topography is also defined as Type 1. Eventually, the 

parametric seismic analyses were repeated for Ground Types B and C. 

 

6.5.2.2 Structural Walls 

As stated in the research carried out by Borg (2021), the material utilised for the structural walls was 

Globigerina Limestone blocks with thicknesses of 230mm and 150mm. The basement level was 

constructed entirely using 230mm thick walls, whilst for the upper floors, some of the internal walls 

were 150mm thick. It is important to note that for the lift shaft, ventilation shafts and stairwell, a 230mm 

thick wall has been utilised all throughout. 

6.5.2.3 Floor Diaphragms 

Sizing of floor diaphragms have remained coherent to that carried out by Borg (2021) and all concrete 

elements were assumed to have a C20/25 grade. In addition, staircases were modelled as voids for 

reasons of ensuring proper comparison of results. 

 

6.5.2.4 Loads 

The following loads were extracted from the research work done by Borg (2021): 

Imposed Loads (Category A) 

• Floors, qk = 2.0 kN/m2 (unfactored) 

• Balconies, qk = 2.5 kN/m2 (unfactored) 

Dead Loads 

• Screed layer (150mm thick) = 0.15 x 18kN/m3 = 2.70 kN/m2 

• Tile layer (25 mm) = 0.025 x 18kN/m3 = 0.45 kN/m2  
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6.5.3 Numerical Model Build Up 

 

Prior to commencing the numerical model generation on 3D Macro, a set of design parameters dealing 

with location of the site, life of the structure and, hence, determining its importance factor, soil type, 

structural damping, limit states and ground acceleration response spectra were initially established. 

Details of these design parameters are provided in Appendix A.  

The next step of the procedure was to determine the number of seismic levels, which were to be designed 

within that numerical model. Each seismic level was taken to be 3m in height for simplicity. 

Subsequently, the material properties for all masonry, concrete and steel elements were defined in order 

to design the section sizes for walls, beams, slabs and foundations. Once this part of the process was 

completed, the numerical model was generated according to the typical plan layout shown in Section 

6.4.1. The final part of this procedure includes specifying the load cases, which are to be conducted for 

the pushover analysis. 

 

 

 

 

 

Figure 36 Typical layout plan (left) basement level (right) all upper floors 

Source: (Author, 2023) 
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6.5.4 Seismic Analysis 

 

During the numerical modelling procedure on 3D Macro, the ‘Ministerial Decree of 17 January 2018 

Technical standards for Construction (NTC 2018)’ guidelines have been utilised. In this recent update, 

the Italian Guidelines outline the recommended process to strengthen an existing building and, hence, 

to determine the seismic risk classification based on a safety index parameter. This process ultimately 

allows the determination of effective retrofitting measures and an assessment the corresponding seismic 

vulnerability of the retrofitted URM building. This recent update was prompted due to the recognition 

that a considerable percentage of building stock in Italy are vulnerable to seismic events, which is very 

similar to the local situation. As a result of the last three seismic events, Italy suffered several fatalities, 

significant structural damage and consequent substantial economic burdens. Therefore, there is a 

nationwide imperative to retrofit existing buildings in order to withstand natural disasters caused by 

such seismic phenomena. 

It is important to consider that this research study has considered the safety index parameter for both 

the ‘Life Protection Limit State’ (SLV) and the ‘Collapse Prevention Limit State’ (SLC). These limit 

states are comprehensively outlined in NTC 2018 Cl. 3.2.1. The ‘Life Protection Limit State’ is 

equivalent to the ‘Significant Damage’ (SD) limit state described in EC8: Part 3.  Similarly, the 

‘Collapse Prevention Limit State’ (SLC) is equivalent to the ‘No Collapse Requirement’ (NC) in EC8: 

Part 1. 

 

 

 

 

 

 

Figure 37 Extract from NTC 2018 Cl. 3.2.1 
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Furthermore, seismic loads have been considered to act in different horizontal orientations, including 

eccentric directions. The load cases, which were considered within the seismic analyses are the 

following, 

Main Axis: 

1. Pushover + X Acc 

2. Pushover – X Acc 

3. Pushover + Y Acc 

4. Pushover – Y Acc 

Main Axis and Eccentricities:  

1. Pushover + X Acc + e 

2. Pushover – X  Acc + e 

3. Pushover + Y Acc + e 

4. Pushover – Y  Acc + e 

Combined Orthogonal Seismic Loading: 

1. Pushover Ex + 0.3Ey Acc 

2. Pushover 0.3Ex + Ey Acc 

3. Pushover -0.3Ex + Ey Acc 

4. Pushover -Ex + 0.3Ey Acc 
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6.5.5 Limitations 

 

One limitation, which somewhat initially stifled the seismic analysis process was that the numerical 

models generated in the study by Borg (2021) were not generating the required pushover curves using 

the latest version of 3D Macro. Consequently, new models needed to be generated leading to possible 

discrepancies between both sets of models and their corresponding results. 

The steel section sizes used for retrofitting were not verified for local buckling, as only the sway 

stiffness of the steel section was taken into consideration. Some of the findings suggest that failure 

primarily occurred within the section rather than the masonry elements.  Moreover, 3D Macro does not 

include any pre-defined standard steel sections, and so they are to be defined within the frame elements 

from scratch by the user.  

Furthermore, when standard steel section sizes were insufficient in providing the required sway 

stiffnesses, flange plates were added to the outer surfaces of the flanges of the column section in order 

to achieve the required column sway stiffness. These flange plates necessitated a slight increase in width 

of approximately 25mm at each end beyond the column flange edge so as to allow room for inserting 

fillet welds. Unfortunately, 3D Macro does not allow for the inclusion of flange plates at the steel section 

flanges, and thus it was decided to increase the column flange thickness by the thickness of the flange 

plate as if it were one single thicker column flange. 

As stated earlier, the column section sizes used for retrofitting are quite considerable in size, and thus 

there may be concern that they may pose an obstruction to the intended functionality of the basement 

as a car park. However, in a practical situation, the existing ground slab could possibly be dismantled 

and lowered to accommodate the required headroom after the installation of the plane frame beam. 

Therefore, the headroom requirement in the basement was essentially not deemed to be of concern in 

this research study. 

When starting off the process of retrofitting, the portal frames were to be constructed at a certain 

distance away from the party wall, with the horizontal beam located below the existing slabs. However, 

problems were encountered with this arrangement in 3D Macro. Therefore, this configuration was 

altered in such a way that the columns were positioned along the centerline of the party wall. Also, due 

to modelling problems in 3D Macro, the horizontal beam inserted below the slab had to be removed, 

and instead the column heads were rigidly connected to the underside of the thick floor slab over the 

basement. This problem suggests that the numerical model was experiencing slipping between the top 

surface of the beam and the underside of the floor slab over the basement due to insufficient connection 

between them. Additionally, the software does not allow the placement of a foundation which is not 

centered along the masonry party wall. Therefore, separate pad footings were employed in order to 

provide adequate foundation bases for all the columns.  
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Chapter 7:  Discussion of Results 

7.1 Introduction 

 

Prior to examining the results obtained for each retrofitting technique, it is necessary to explain the 

impact of having an unsymmetrical plan on the seismic analysis. As expected, the most critical 

earthquake direction was in the transverse X-direction, since the building is subjected to minor axis 

bending on plan. The data presented in Figure 38 illustrates that the lowest values for α (safety factor) 

is consistently found within the following load cases (marked in blue in Figure 38): 

• Pushover – X Acc 

• Pushover – X Acc + e 

• Pushover – Ex + 0.3Ey Acc 

It also important to keep in mind throughout this discussion that the X-direction refers to the transverse 

direction, whilst the Y-direction corresponds to the longitudinal. When taking into consideration the Y-

direction, the resistance of the masonry building in this orientation would ultimately not be affected by 

any form of retrofitting. This is because in such a case, resistance to seismic loading is solely being 

generated by the party walls and any longitudinal masonry shear walls at basement level, while the 

transverse masonry shear walls or the plane frames at basement level do not enhance the longitudinal 

seismic resistance of the URM building. This is primarily due to the fact that the masonry walls are 

only capable of providing resistance to seismic loading when the earthquake is acting in the same plane 

as the shear wall. 

Figure 38 Comparison between No Retrofitting vs Repeated GF in SLC 
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Similarly, when there is an earthquake acting in the X-direction, the third party masonry walls would 

not be contribute to the transverse seismic resistance, since it is the transverse masonry shear walls and 

any plane frames, which resist the earthquake. 

Furthermore, it is also important to consider the differences, which arise between transverse earthquakes 

in the Positive X-direction and the Negative X-direction. It may also be noted from Figure 38, that the 

safety factors for the Negative X-direction are much lower in comparison to those for the Positive X-

direction. Also, when comparing within any positive X-direction (red boxes), the safety factor for the 

unretrofitted building is always greater than that of the retrofitted. For instance, this can be observed in 

the following load cases for the building without any retrofitting: 

• Pushover + X Acc, α = 3 (rounded up to the nearest integer) 

• Pushover – X Acc, α = 1 

This occurs because the plan geometry used in this dissertation is not symmetrical along the longitudinal 

centre line of the plot, and thus if the building sways to the right, its resistance is different to that when 

it sways to the left. Furthermore, the lift shaft and stair core are acting in compression when the 

earthquake is in the Positive X-direction (hence, adding further seismic resistance to the URM building), 

while they are acting in tension when the earthquake is in the Negative X-direction. 

Furthermore, these α–values were extracted from distinct numerical models. The process of selecting 

these values involved the consideration of all load cases for multiple directions of earthquake action. 

For each retrofitted URM building, the minimum value of α was selected, and thus it could be 

determined whether the structure could sustain the corresponding number of floors during an earthquake 

event. If the value for α was below 1, the building was considered to fail. A typical example of this is 

shown in Appendix D.  
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Figure 39 Comparison between No Retrofitting vs 35% of Km sway stiffness in RC in SLC 
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Figure 40 Comparison between No Retrofitting vs 50% of Km sway stiffness in RC in SLC 
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Figure 41 Comparison between No Retrofitting vs 35% of Km sway stiffness in Steel in SLC 
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Figure 42 Comparison between No Retrofitting vs 50% of Km sway stiffness in Steel in SLC 
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7.2 One Unit 

 

When examining the single unit building without retrofitting across all ground types, it may be 

observed that: 

A = 4 Floors, α = 1.188 

B = 2 Floors, α = 2.479 

C = 2 Floors, α = 1.258 

For the Ground Floor (GF) Repeated at basement: 

A = 7 Floors, α = 1.01 

B = 4 Floors, α = 0.9971 

C = 3 Floors, α = 1.38 

For the 35% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 7 Floors, α = 1.047 

B = 4 Floors, α = 1.202 

C = 3 Floors, α = 2.074 

For the 50% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 5 Floors, α = 1.483 

B = 4 Floors, α = 1.158 

C = 2 Floors, α = 1.592 

For the 35% of Km Sway Stiffness Structural Steelwork Plane Frames: 

A = 6 Floors, α = 1.066 

B = 3 Floors, α = 1.022 

C = 3 Floors, α = 1.521 

For the 50% of Km Sway Stiffness Structural Steelwork Plane Frames: 

A = 5 Floors, α = 0.995 

B = 2 Floors, α = 2.449 

C = 2 Floors, α = 1.706 

As one considers the number of floors between the Repeated GF and the 35% of Km sway stiffness in 

RC, it may be observed that both URM buildings would sustain the same number of floors. However, 

the alpha-values suggest that the URM building with the Ground Floor Repeated at basement is closer 

to reaching the safety limit than the retrofitted URM building with 35% of Km sway stiffness in RC, 

thereby concluding that it indeed is beneficial to employ such retrofitting techniques. Furthermore, it is 

 
1 In instances where the alpha-values reached 0.99, they were assumed to be rounded off to 1.00, indicating that 

the URM building just survived. 



84 

 

vital to acknowledge the limitation of using such a coarse yardstick for assessing seismic resistance, 

which restricts the assessment to an integer number of floors due to functionality reasons. 

When comparing the results obtained between retrofitted URM buildings with 35% of Km and 50% of 

Km sway stiffnesses in RC, a notable decrease in seismic performance may be observed for the URM 

building retrofitted with higher sway stiffness, except for Ground Type B. It appears that, having frames 

which are excessively stiff, can induce failure just above the basement, particularly within the Ground 

Floor, as may be observed in Appendix C.2. In addition, the retrofitted numerical models do not include 

the internal walls within the basement as shown in the plan layout in Section 6.4.1, and thus the 

predictions of seismic resistance are conservative. The above observation is also noted when comparing 

the seismic performance of retrofitted URM buildings with 35% of Km and 50% of Km stiffnesses in 

structural steelwork.  

It was also observed that, comparing the retrofitted URM building with 35% of Km sway stiffness in 

RC and the retrofitted URM building with 35% of Km in structural steelwork, the latter building could 

carry one floor less than the former building. This observation is possibly due to the steel columns 

experiencing premature failure, since both buildings should sustain the same number of floors if the 

sway stiffnesses of the RC and structural steelwork plane frames in the basement are identical. 

 

 

 

Table 15 Results for One Unit, Ground Type A, B and C respectively 

 

Table 16 Results for One Unit, Ground Type A, B and C respectively 
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Figure 43 Results indicating number of floors sustained by each retrofitting technique in a One Unit building 
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Figure 44 Results indicating alpha values of each retrofitting technique in a One Unit building 
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7.3 Two-Unit Aggregate 

 

When examining the two-unit aggregate without retrofitting across all ground types, it may be 

observed that: 

A = 6 Floors, α = 1.014 

B = 5 Floors, α = 0.998 

C = 3 Floors, α = 1.194 

For the Ground Floor (GF) Repeated at basement: 

A = 8 Floors, α = 1.437 

B = 7 Floors, α = 1.196 

C = 6 Floors, α = 1.245 

For the 35% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 8 Floors, α = 1.002 

B = 5 Floors, α = 0.998 

C = 3 Floors, α = 1.194 

For the 50% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 6 Floors, α = 1.014 

B = 5 Floors, α = 0.998 

C = 3 Floors, α = 1.194 

For the 35% of Km Sway Stiffness Structural Steelwork Plane Frames: 

A = 8 Floors, α = 1.135 

B = 5 Floors, α = 0.998 

C = 3 Floors, α = 1.194 

For the 50% of Km Sway Stiffness Structural Steelwork Plane Frames: 

A = 7 Floors, α = 1.019 

B = 5 Floors, α = 0.998 

C = 3 Floors, α = 1.194 

An initial observation for the two-unit aggregate revealed that there is a notable reduction in 

performance between the URM building aggregate with a Repeated GF at basement and the retrofitted 

URM building with 35% of Km sway stiffness in RC. This observation is likely due to the internal 

masonry walls at basement level that were not modelled in 3D Macro, whereas their inclusion may have 

likely improved results.  The weaker the subsoil, the more amplified are these effects due to a substantial 

increase in ground amplifications. This observation, however, does not apply for the retrofitted URM 

building with 35% of Km sway stiffness in RC for Ground Type A. 
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The difference in seismic resistance between the retrofitted URM building aggregates with 35% of Km 

and 50% of Km sway stiffnesses in RC, is only observed for Ground Type A. Thus, when increasing 

the sway stiffness of the RC plane frames, the effect of not modelling the internal walls at basement 

level is only experienced for a rock subsoil. In addition, for the retrofitted URM building aggregate with 

50% of Km sway stiffness in RC, failure appears to commence within the ground floor rather than within 

the soft storey. 

A distinction may be observed between the results obtained for the single unit retrofitted URM building 

and those for the two unit retrofitted URM building aggregates with 35% of Km sway stiffness in RC 

and 35% of Km sway stiffness in structural steelwork. In this case, both these URM building aggregates 

exhibit similar seismic performance, indicating that premature failure in the steel columns no longer 

appears to be an issue for these aggregates. 

Once again, it is evident that the difference in seismic behaviour between retrofitted URM building 

aggregates with 35% of Km and 50% of Km sway stiffnesses in RC is only observed for a rock subsoil. 

The same observation also applies when for retrofitted URM building aggregates with structural 

steelwork plane frames with 35% of Km and 50% of Km sway stiffnesses.  These observations 

demonstrate that both structural materials exhibit similar performance, also noting that Ground Type A 

allows a greater seismic capacity to sustain more floors within the aggregates. Additionally, the 

retrofitted URM building aggregate with 50% of Km sway stiffness in structural steelwork could sustain 

one more floor than the corresponding retrofitted URM building aggregate with RC plane frames with 

50% of Km sway stiffness.  

The alpha-values (safety factors) are highlighted in yellow in the subsequent tables (including those for 

the 3-unit and 4-unit URM building aggregates). The results of the seismic analyses showed that the 

corresponding alpha-values for retrofitting where less than the alpha-values for no retrofitting due to 

convergence problems. These alpha-values are unlikely to be correct. Since additional verification is 

required, the alpha-values for these cases were conservatively taken as the alpha-value corresponding 

to no retrofitting, which should be the minimum alpha-value from all the seismic analyses. 
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Figure 45 Results indicating alpha values of each retrofitting technique in a Two-Unit aggregate 

 

 

 

Table 16 Results for Two Unit, Ground Types A, B and C respectively 

 

Table 17 Results for Two Unit, Ground Types A, B and C respectively 
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Figure 46 Results indicating number of floors sustained by each retrofitting technique in a Two-Unit aggregate 
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Figure 47 Results indicating alpha values of each retrofitting technique in a Two-Unit aggregate 
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7.4 Three-Unit Aggregate 

 

When examining the three-unit aggregate without retrofitting across all ground types, it may be 

observed that: 

A = 6 Floors, α = 1.283 

B = 5 Floors, α = 1.083 

C = 2 Floors, α = 1.627 

For the Ground Floor (GF) Repeated at basement: 

A = 8 Floors, α = 1.031 

B = 5 Floors, α = 1.083 

C = 3 Floors, α = 1.627 

For the 35% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A =8 Floors, α = 1.075 

B =5 Floors, α = 1.083 

C = 2 Floors, α = 1.627 

For the 50% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 8 Floors, α = 1.047 

B = 5 Floors, α = 1.083 

C =2 Floors, α = 1.627 

For the 35% of Km Sway Stiffness Structural Steelwork Plane Frames: 

A = 8 Floors, α = 1.151 

B = 5 Floors, α = 1.083 

C = 2 Floors, α = 1.627 

For the 50% of Km Sway Stiffness Structural Steelwork Frames: 

A = 7 Floors, α = 1.12 

B = 5 Floors, α = 1.083 

C = 2 Floors, α = 1.627 

 

An initial observation for the three-unit URM building aggregate reveals no enhancement in either of 

the retrofitting techniques for Ground Type B, rendering the retrofitting frames ineffective. With 

regards to Ground Type C, enhancement is solely observed for the Repeated GF, where an additional 

floor was attained. 

Comparing the results for the 35%% of Km sway stiffnesses in both RC and structural steelwork, their 

corresponding seismic performances seems to be identical in terms of the number of floors which may 
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be sustained during an earthquake event. However, it should be noted that 35% of Km sway stiffness in 

structural steelwork provides a greater safety factor than for RC, thus increasing its resistance against 

structural collapse.  

Furthermore, when comparing the results for the 35% of Km and 50% of Km sway stiffness in RC, the 

same number of floors may be sustained. However, the stiffer RC plane frames provide a lower safety 

factor, indicating that stiffer frames appear to be less beneficial. This observation is even more evident 

for the 35% of Km and 50% of Km sway stiffness in structural steelwork, since the latter can sustain one 

floor less than the former when the retrofitted URM building aggregates are founded on rock. 

 

 

 

 

 

 

 

Figure 48 Results indicating alpha values of each retrofitting technique in a Three-Unit aggregate 

 

 

 

 

 

 

Table 17 Results for Three-Unit aggregates, Ground Type A, B and C respectively 
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Figure 48  Results indicating number of floors sustained by each retrofitting technique in a Three-Unit aggregate 
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Figure 49 Results indicating alpha values of each retrofitting technique in a Three-Unit aggregate 
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7.5 Four Unit Aggregate 

 

When examining the four-unit aggregate without retrofitting across all ground types, it may be 

observed that: 

A = 6 Floors, α = 1.275 

B = 4 Floors, α = 1.097 

C = 2 Floors, α = 1.704 

For the Ground Floor (GF) Repeated at basement: 

A = 8 Floors, α = 1.033 

B = 4 Floors, α = 1.097 

C = 3 Floors, α = 1.704 

For the 35% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 7 Floors, α = 1.054 

B = 4 Floors, α = 1.097 

C = 2 Floors, α = 1.704 

For the 50% of Km Sway Stiffness Reinforced Concrete Plane Frames: 

A = 6 Floors, α = 1.276 

B = 4 Floors, α = 1.097 

C = 2 Floors, α = 1.704 

For the 35% of Km Sway Stiffness in Structural Steelwork Plane Steel Frames: 

A = 8 Floors, α = 1.057 

B = 4 Floors, α = 1.097 

C = 2 Floors, α = 1.704 

For the 50% of Km Sway Stiffness in Structural Steelwork Plane Frames: 

A = 6 Floors, α = 1.276 

B = 4 Floors, α = 1.097 

C = 2 Floors, α = 1.704 

One of the initial findings suggests that performance for the four-unit URM building aggregate is 

comparable to that of the three-unit aggregate. For the Repeated GF at basement level, both the three-

unit and the four-unit retrofitted URM building aggregates experience an improvement of 2 storeys for 

Ground Type A compared to the corresponding unretrofitted URM building aggregates, while there is 

no enhancement for Ground Type B and an additional storey for Ground Type C.  

When observing all retrofitting techniques, the findings suggest that, for Ground Types B and C, there 

is generally no of enhancement. The plane frames seem to be too weak in side sway stiffness to make 
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any difference in seismic resistance, whilst the safety factors remain unchanged. This pattern is 

consistent across all URM building aggregates. 

Another interesting comparison is that for four-unit retrofitted URM building aggregates with 35% of 

Km sway stiffnesses in both RC and structural steelwork. In this case, the aggregate with structural 

steelwork plane frames can sustain an additional floor in comparison to the aggregate with RC plane 

frames for Ground Type A. Thus, unlike the URM single unit building, premature failure of the steel 

columns does not appear to be an issue. Hence, in the case of retrofitted URM building aggregates, the 

results show that structural steelwork plane frames offer a better enhancement in seismic resistance than 

RC plane frames. 

 

In conclusion, it may be noted that, apart from the case when the URM building aggregates are founded 

in rock, none of the retrofitting techniques provided any benefit in enhancing the structural seismic 

resistance. With regards to Ground Type C, the only improvement, which was observed was in the 

Repeated GF at basement level. On the other hand, for Ground Type A, no improvement was noted for 

retrofitted URM building aggregates with 50% of Km sway stiffness in both RC and structural steelwork. 

This result contrasts with the corresponding improvement noted in the seismic resistance, as discussed 

above, when the sway stiffnesses of the RC and structural steelwork plane frames were reduced to 35% 

of Km, which is somewhat a surprising result. 

 

 

 

Table 18 Results for Four-Unit aggregate, Ground Types A, B and C respectively 
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Figure 50 Results indicating number of floors sustained by each retrofitting technique in a Four-Unit aggregate 
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Figure 51 Results indicating alpha values of each retrofitting technique in a Four-Unit aggregate 
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7.6 Comparing across Ground Type A 

  

As the number of single units is increased within the URM building aggregates, the plan aspect ratio of 

the aggregate is reduced compared to that of a single unit. As a result, the sway stiffness experiences an 

increase. However, one must also keep in mind that the seismic mass is also increasing as more single 

units are added to the aggregate. If the rate of increase in sway stiffness per additional unit in the 

aggregate is less than the rate of increase of the seismic mass per additional unit in the aggregate, the 

benefit of additional stiffness would be swamped by the drawback of additional seismic mass (and, 

hence, additional horizontal seismic inertial forces during an earthquake event) and, therefore, the 

outcome would not necessarily be advantageous. Indeed, adding more single units to the aggregate 

could even become detrimental to the URM building aggregate seismic resistance. 

Building Type Aspect Ratio 

1 Unit 1:4 

2 Unit 1:2 

3 Unit 1:1.5 

4 Unit 1:1 

 

When taking the above into consideration, this observation becomes evident in the case of retrofitted 

URM building aggregates with 35% of Km sway stiffness in RC as well as the 50% of Km sway stiffness 

in steel. There appears to be a trend where, a two-unit retrofitted URM building aggregate could sustain 

1 to 2 floors more than a URM single unit building. Adding another single unit shows that the three-

unit retrofitted URM building aggregate does not lead to any more floors that can be sustained by the 

aggregate.  Furthermore, adding another single unit shows that the four-unit retrofitted URM building 

aggregate, in fact, can generally sustain one floor less than the three-unit retrofitted URM building 

aggregate, demonstrating that the ideal retrofitted URM building aggregate is one that has seismic gaps 

at every third single unit.  This is, of course, quite difficult to achieve in practice unless the whole URM 

building aggregate forms part of an entire development project. In the case of retrofitted URM building 

aggregates with 50% of Km sway stiffness in both RC and steel, it appears that failure occurs at the 

Ground Floor instead of the basement, indicating that stiffer plane frames do not necessarily provide 

better seismic performance for URM building aggregates. 

When comparing the retrofitted URM building aggregates with 35% and 50% of Km sway stiffnesses 

in RC, a reduction in the number of floors sustained of 2 floors was observed for a single-unit building 

and a two-unit aggregate, and a reduction 1 floor for a four-unit aggregate. On the other hand, for the 

3-unit aggregate, there is no reduction in the floors sustained. This latter result seems to be somewhat 

unexpected, and warrants further investigation as it does not follow the trend of the other aggregates. 

Another important observation lies in the comparison between the retrofitted URM building aggregates 

with 35% of Km sway stiffnesses in both RC and Steel frames. The single one-unit building with steel 

frames can support one less floor than with RC frames, which suggests premature failure in the steel 

frames columns. Conversely, for the retrofitted URM building aggregates with 50% sway stiffness in 

RC frames, there is a reduction of two floors that can be sustained by a four-unit aggregate compared 

to a three-unit aggregate. However, there was no reduction in the number of floors that can be sustained 

for two-unit and three-unit retrofitted URM building aggregates with 35% sway stiffness in steel frames. 
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Once again, this suggests that structural steelwork plane frames offer a better enhancement than RC 

plane frames in the seismic resistance of retrofitted URM building aggregates. 

 

 

 

 

  

Table 19 Results for Ground Type A, No Retrofitting 

Table 21 Results for Ground Type A, 35% of Km sway stiffness in RC Frames 

Table 20 Results for Ground Type A, Repeated Ground Floor 
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Figure 49 Results indicating number of floors sustained by each retrofitting technique across the 1 unit building and all 

building aggregates for Ground Type A 

Table 22 Results for Ground Type A, 50% of Km sway stiffness in RC Frames 

Table 23 Results for Ground Type A, 35% of Km sway stiffness in Steel Frames 

Table 24  Results for Ground Type A, 50% of Km sway stiffness in Steel Frames 
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Figure 52 Results indicating number of floors sustained by each retrofitting technique across the 1 unit building and all 

building aggregates for Ground Type A 
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Figure 53 Results indicating the safety factor in terms of alpha by each retrofitting technique across the 1 unit building and 

all building aggregates for Ground Type A 
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7.7 Comparing across Ground Type B 

 

When analysing the results for no retrofitting within Ground Type B, the adverse effect of having a 

greater rate of increase in seismic mass in comparison to the rate of increase in sway stiffness as the 

number of single units with the URM building aggregate units is increasing becomes apparent once 

again. The seismic mass is what determines the base shear of the foundations of the buildings. This base 

shear, in turn, influences the horizontal seismic inertial forces at each floor. The higher the seismic 

mass, the higher is the base shear and the higher are the horizontal seismic forces acting at each floor. 

The results show that both the two-unit and three-unit unretrofitted URM building aggregates can 

sustain two additional floors compared to the URM single unit building, whilst the four-unit 

unretrofitted URM building aggregate can sustain only one additional floor compared to the URM 

single unit building. Therefore, in the case of the four-unit unretrofitted URM building aggregate, the 

increase in seismic mass is cancelling out the increase in sway stiffness and is becoming detrimental to 

the overall seismic resistance of the aggregate. 

Comparing the results for the unretrofitted URM building aggregates with those for the URM building 

aggregates with a Repeated Ground Floor at basement level, it may be noted that the latter aggregates 

can sustain two more floors than the former in the case of the single-unit building and the two-unit 

aggregate, while there is no improvement in seismic resistance for the three-unit and four-unit 

aggregates. Moreover, when considering the results for the URM building aggregates with a Repeated 

Ground Floor at basement level, it is clear that the two-unit and three-unit aggregates can sustain three 

floors and one floor more than the single-unit building respectively, while there is no enhancement in 

seismic resistance in the case of the four-unit aggregate. 

In the case of the retrofitted URM building aggregates with 35% of Km and 50% of Km sway stiffness in 

RC Frames, their corresponding seismic resistance is identical in terms of the number of floors that can 

be sustained during an earthquake event. However, the safety factor for the retrofitted single-unit 

building indicates that with 35% of Km sway stiffness in RC frames is higher than that corresponding 

to 50% of Km sway stiffness in RC frames.  This implies that the RC frames with lower sway stiffness 

provide the retrofitted single-unit building with a greater margin of safety compared to the stiffer RC 

frames, making the building less vulnerable to seismic load. In contrast to the results obtained for the 

retrofitted URM building aggregates with Repeated Ground Floor at basement level, the retrofitted 

URM building aggregates with 35% of Km and 50% of Km sway stiffness in RC frames were both able 

to sustain the same number of floors in the case of the two-unit and three-unit aggregates, which 

observation follows the same trend as that observed in the case of Ground Type A. 

Considering the results obtained for the retrofitted URM building aggregates with 35% of Km and 50% 

of Km sway stiffness in steel frames, the trend in seismic performance was identical to that discussed 

above for the retrofitted aggregates with RC frames, except that the single-unit building with the stiffer 

steel frames could sustain one floor less than the steel frames with lower stiffness due to premature 

failure in the steel columns. 
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Table 25 Results for Ground Type B, No Retrofitting 

Table 26 Results for Ground Type B, Repeated Ground Floor 

Table 27 Results for Ground Type B, 35% of Km sway stiffness in RC Frames 
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Table 28 Results for Ground Type B, 50% of Km sway stiffness in RC Frames 

Table 29  Results for Ground Type B, 35% of Km sway stiffness in Steel Frames 

Table 30 Results for Ground Type B, 50% of Km sway stiffness in Steel Frames 
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Figure54 Results indicating number of floors sustained by each retrofitting technique across the 1 unit building and all 

building aggregates for Ground Type B 
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Figure 55 Results indicating the safety factor in terms of alpha by each retrofitting technique across the 1 unit building and 

all building aggregates for Ground Type B 
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7.8 Comparing across Ground Type C 

 

Comparing the results of Ground Type C between the URM building aggregates with a Repeated 

Ground Floor at basement level and the unretrofitted URM building aggregates, certain improvements 

may be observed. An additional floor is observed for the single-unit building, and for the three-unit and 

four-unit aggregates. However, a significant improvement of three floors may be observed for the two-

unit aggregate. 

Comparing the results of Ground Type C between the retrofitted and unretrofitted URM single-unit 

building, it was noted that the retrofitted buildings with 35% of Km sway stiffness in both RC and steel 

frames could sustain one floor more that the unretrofitted buildings, while there was no improvement 

in the case of the retrofitted buildings with 50% of Km sway stiffness in both RC and steel frames. 

Considering the seismic performance of the retrofitted URM building aggregates with 35% of Km sway 

stiffnesses in RC frames, it was observed that the only enhancement observed was in the single-unit 

building, where the retrofitted building can sustain one floor more than the unretrofitted building. With 

respect to the two-unit, three-unit and four-unit URM building aggregates, it may be observed that there 

are no improvements of retrofitting these aggregates. The same trend was noted for aggregates with 

35% of Km sway stiffness in steel frames, 50% of Km sway stiffness in RC frames and 50% of Km sway 

stiffness in steel frames. 

In the case of Ground Type C, characterised by weak clay, the effectiveness of any strengthening 

procedure carried out in a URM building or a URM building aggregate generally becomes immaterial 

as the weakness of the subsoil dictates the seismic performance. The weakness of the subsoil gives rise 

to seismic amplifications, which render the retrofitting measures futile. However, in Ground Type B, 

characterised by stiff clay, several improvements in seismic resistance were still observed, despite the 

subsoil conditions generating higher seismic amplifications than Ground Type A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 18 Result for Ground Type C, 50% of Km sway stiffness in RC Frames 
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Figure 50 Results indicating the safety factor in terms of alpha by each retrofitting technique across the 1 unit building and 

all building aggregates for Ground Type C 

Table 31 Results for Ground Type C, No Retrofitting 

Table 32 Results for Ground Type C, Repeated Ground Floor 

Table 33 Results for Ground Type C, 35% of Km sway stiffness in RC Frames 
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Table 34 Results for Ground Type C, 50% of Km sway stiffness in RC Frames 

Table 35 Results for Ground Type C, 35% of Km sway stiffness in Steel Frames 

Table 36 Results for Ground Type C, 50% of Km sway stiffness in Steel Frames 
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Figure 56 Results indicating number of floors sustained by each retrofitting technique across the 1 unit building and all 

building aggregates for Ground Type C 
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Figure 57 Results indicating the safety factor in terms of alpha by each retrofitting technique across the 1 unit building and 

all building aggregates for Ground Type C 
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Chapter 8:  Conclusions and Recommendations for Future Research Work 

8.1 Conclusions 

 

The primary objective of this research study was to determine the benefits, or otherwise, of improving 

seismic resistance by introducing retrofitting interventions within the basement soft storey of 

unreinforced masonry (URM) single-unit buildings and URM building aggregates.  These retrofitting 

interventions consisted of the installation of pinned base, single storey, single bay rectangular portal 

plane frames constructed using reinforced concrete (RC) or structural steelwork and placed directly 

below the transverse masonry shear walls in the Ground Floor, which were missing within the soft 

storey basement. Two scenarios were considered, namely plane frames with a sway stiffness equal to 

35% and 50% of the sway stiffness of the overlying transverse masonry shear walls, Km.  Due to the 

large size of column sections required for this purpose, it was not possible to consider plane frames with 

larger sway stiffnesses.  This parametric study was carried out using numerical macro-element non-

linear static pushover seismic analyses conducted using the 3D Macro computational software.  The 

salient conclusions of this dissertation are briefly discussed below: 

One of the initial observations considered within this research study was the effect of utilising an 

asymmetrical plan with respect to the centre line of the longitudinal axis of the URM single-units that 

make up the URM building aggregates. In general, differences in seismic performance are evident for 

earthquakes in the transverse X-direction or the longitudinal Y-direction of the building. However, due 

to this plan geometry, differences were also observed for earthquakes in the positive and negative X-

directions with reference to the safety factors (alpha-values) obtained from the seismic analyses. Parts 

of the plan layout include a stairwell and a lift shaft on the positive X-side of the plan. When the 

earthquake acts in the positive X-direction, the masonry walls pertaining to the stairwell and lift shaft 

are acting in compression, providing the building with additional seismic resistance. Conversely, when 

the earthquake acts in the negative X-direction, these walls are acting in tension providing no benefit to 

the seismic resistance of the building.  Of course, since a building is expected to oscillate in both the 

positive and negative X-directions during an earthquake event, the worst case scenario of an earthquake 

acting in the negative X-direction becomes the critical case. 

As the seismic analysis results for each URM building and URM building aggregate were considered 

to obtain the corresponding seismic resistance in terms of the integer number of floors that can be 

sustained during an earthquake event, the limitation of using such a coarse measurement was 

acknowledged. This yardstick of comparison necessarily restricts the seismic resistance evaluation to 

an integer number of floors due to functionality purposes. However, a more refined judgement can also 

be carried out with reference to the safety factors (alpha-values) obtained for each seismic analysis. 

In several cases, it was generally observed that there was a notable decrease in seismic resistance of 

retrofitted URM buildings and URM building aggregates when the sway stiffness of the RC or steel 

plane frames was increased from the 35% of Km to 50% of Km. This observation indicates that, providing 

excessively stiff frames within the soft storey basement may result in failure within the Ground Floor 

rather than within the basement level. However, it should be noted that the results of the seismic 

analyses may be considered to be conservative, since the few internal masonry walls within the 

basement level were not modelled within the numerical models of the URM buildings and URM 

building aggregates. 
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It was also noted that for the URM single unit building, the retrofitted building with 35% of Km sway 

stiffness in steel frames failed before the retrofitted building with 35% of Km sway stiffness in RC 

frames. This observation appears to be due to the premature failure of the steel columns within the plane 

frame. However, this observation was not noted in the case of any of the retrofitted URM building 

aggregates. Furthermore, in most cases it was noted that the retrofitted URM building aggregates using 

either RC or structural steelwork produced similar seismic resistance in terms of the number of floors 

that can be sustained during an earthquake event.  However, differences in seismic resistance were 

noted when comparing the safety factors (alpha-values) obtained from the seismic analyses, in fact, 

indicating that generally the structural steelwork plane frames provided a higher seismic resistance than 

the RC plane frames. 

As the number of building units in a building aggregate increase there is a tendency that the rate of 

increase in seismic mass (and, hence, horizontal seismic inertial forces) is greater than the rate of 

increase in sway stiffness thereby cancelling the beneficial effect of having more units within a URM 

building aggregate. In fact, this trend was observed for all retrofitted URM building aggregates founded 

on Ground Type B (stiff clay) and Ground Type C (weak clay) subsoil strata. The weaker the subsoil, 

the more amplified are these seismic effects. 

As the single unit buildings within a URM building aggregate increase, the aggregate plan aspect ratio 

is reduced. This would essentially imply that the sway stiffness of the structure is greater. However, as 

the sway stiffness increases, so does the seismic mass. In many cases as comparisons across the different 

ground types were carried out, it was noticed that from the single-unit building to the two-unit building 

aggregate, the number of floors that can be sustained during an earthquake event increases by one to 

three floors.  Increasing the two-unit aggregate to a three-unit aggregate does not lead to any further 

increase in the number of floors that can be sustained, while increasing the aggregate size further to a 

four-unit aggregate, in fact, leads to a reduction of one floor in the number of floors that can be sustained 

compared to the three-unit aggregate. 

The results obtained clearly implies that, beyond the three-unit URM building aggregate, the increase 

in seismic mass per additional single-unit building within the aggregate is detrimental to the seismic 

resistance of the aggregate, which experiences larger horizontal forces at each floor. In this respect, the 

ideal retrofitted URM building aggregate is one that has seismic gaps at every third single unit.  This 

is, of course, quite difficult to achieve in practice unless the whole URM building aggregate forms part 

of an entire development project. 

Furthermore, most enhancement from seismic retrofitting seems to occur for URM buildings and URM 

building aggregates founded on Ground Type A (rock). For Ground Type C (weak clay), almost all 

retrofitting measures used within the URM buildings and URM building aggregates were rendered futile 

and ineffective due to seismic amplifications caused by the weak subsoil. In the case of Ground Type 

B (stiff clay), the retrofitting measures were partially effective due to the reduced influence of seismic 

amplifications. 
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8.2 Recommendations for Further Research Work 

 

There are multiple routes in which this study may be furthered. In the following, a number of possible 

recommendations for future research work are suggested: 

• One possibility would be to carry out a parametric seismic analysis across varying plan aspect 

ratios. Due to time constraints, throughout this research study, only a plan aspect ratio of 1:4 

was considered. 

• This dissertation was mainly concerned with the seismic resistance of retrofitted existing URM 

buildings and URM building aggregates constructed using Globigerina Limestone blocks and 

M2 mortar strength.  Given the widespread use of hollow concrete blockwork (HCB) nowadays 

within the local construction industry, it would be interesting to repeat the research carried out, 

but using HCB and M5 mortar strength, which is the minimum mortar strength prescribed by 

Eurocode 8 (EN 1998) for the seismic design of unreinforced masonry (URM) construction. 

• In this research study, the portal plane frames were assumed to be pinned base, since pinned 

foundations are cheaper and easier to design and construct, in practice, compared to fixed 

foundations.  However, as stated earlier, the sway stiffnesses selected for the plane frames (35% 

of Km and 50% of Km) could not be increased because the structural steelwork column sizes 

corresponding to these sway stiffnesses were just about the largest columns available on the 

market.  However, given that the sway stiffness of fixed base columns is four times greater than 

that of pinned base columns, there are clearly benefits in considering the seismic resistance of 

retrofitted URM buildings and URM building aggregates using fixed base columns.  Such a 

research initiative would allow the investigation of the effect of using plane frames with higher 

sway stiffnesses than those used in this research study, still using column section sizes available 

on the market.  Nevertheless, the challenges of achieving fixed base conditions on site, 

especially within an existing soft storey basement (possibly, using deep micro-piled 

foundations) cannot be under-estimated. 

• As suggested by Borg (2021), it could also be worthwhile to assess the impact on seismic 

resistance of not having a shared third party wall between the URM single-unit buildings 

making up the URM building aggregates. 

• Finally, it is also worth considering the effect on the seismic resistance of URM buildings 

aggregates composed of URM single-unit buildings whose floor slabs are not aligned at the 

same level.  This building configuration may be especially dangerous as individual floor slabs 

tend to exert lateral seismic forces to the mid-height of the third party walls. 
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Appendix A: Design Parameters for 3DMacro Numerical Modelling 

 

Appendix A.1 3DMacro General Settings & Geometric Settings 
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Appendix A.2 Material Definition 

 

Defining Masonry: 
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Defining Steel for Reinforcement and Retrofitting Steel Sections 
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Appendix A.3 Section Design 

Masonry Panels: 

Reinforced Concrete Sections: 
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Strip Footing Section: 

 

Pinned Base Restraints: 
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Appendix B: Plans and Drawings of All Building Aggregates 

Appendix B.1 Two-Unit Aggregate 
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Appendix B.2 Three-Unit Aggregate 
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Appendix B.3 Four-Unit Aggregate 
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Appendix C: Screenshots Showing Failure Mechanism at Failing Load Case 

Appendix C.1 Single Unit, Ground Type A 

No Retrofitting 

Load Case: Pushover Ex + 03Ey Acc 

 

Repeated Ground Floor 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 

 

 

 



140 

 

35% of Km Sway Stiffness in RC Frames 

Load Case: (left) Pushover – X Acc, (middle) Pushover – X Acc + e, (right) Pushover -Ex + 

0.3 Ey Acc 

50% of Km Sway Stiffness in RC Frames 

 Load Case: (left) Pushover – X Acc, (middle) Pushover – X Acc + e, (right) Pushover – Ex + 

03Ey Acc 
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35% of Km Sway Stiffness in Steel Frames 

  Load Case: (left) Pushover +X Acc, (middle) Pushover – X Acc, (right) Pushover +X Acc+ e 

 

Load Case: (left) Pushover – X Acc + e, (right) Pushover Ex + 0.3Ey Acc 
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50% of Km Sway Stiffness in Steel Frames 

 Load Case:  (left) Pushover – X Acc, (right) Pushover – Ex + 0.3Ey Acc 
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Appendix C.2 Single Unit, Ground Type B 

No Retrofitting 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 

 

 Load Case: Pushover -Ex + 0.3Ey Acc 
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Repeated Ground Floor 

 Load Case: (left) Pushover – X Acc, (right) Pushover - X Acc+ e 

 

 Load Case: Pushover -Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in RC Frames 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 Load Case: Pushover -Ex + 0.3Ey Acc 
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50% of Km Sway Stiffness in RC Frames 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 

 

 Load Case: Pushover -Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in Steel Frames 

 Load Case: (left) Pushover  - X Acc, (right) Pushover -Ex + 0.3Ey Acc 

 

 

 Load Case: Pushover -Ex +0.3Ey Acc 
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50% of Km Sway Stiffness in Steel Frames 

 Load Case: (left) Pushover + X Acc, (right) Pushover – X Acc 

 

 Load Case: (left) Pushover + X Acc + e, (right) Pushover + X Acc + e 
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 Load Case: (left) Pushover Ex + 0.3Ey Acc, (right) Pushover -Ex + 0.3Ey Acc 
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Appendix C.3 Single Unit, Ground Type C 

No Retrofitting 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 

 

 

 Load Case: Pushover – Ex + 0.3 Ey Acc 
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Repeated Ground Floor 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 

 Load Case: Pushover -Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in RC Frames 

 Load Case: Pushover – Ex + 0.3Ey Acc 

 

50% of Km Sway Stiffness in RC Frames 

 Load Case: Pushover - Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in Steel Frames 

 Load Case: (left)  Pushover + X Acc, (right) Pushover – X Acc 

 

 Load Case: (left)  Pushover + X Acc + e, (right) Pushover – X Acc + e 
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 Load Case: (left) Pushover Ex + 0.3Ey Acc, (right) Pushover -Ex + 0.3 Ey Acc 

 

 

50% of Km Sway Stiffness in Steel Frames 

 Load Case: (left) Pushover + X Acc, (right) Pushover – X Acc 
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 Load Case: (left) Pushover + X Acc + e, (right) Pushover – X Acc + e 

 

 

 Load Case: (left) Pushover Ex + 0.3Ey Acc, (right) Pushover – Ex + 0.3Ey Acc 
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Appendix C.4 Two-Unit Aggregate, Type A 

No Retrofitting 

Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 
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Repeated Ground Floor 

 Load Case: (left) Pushover – X Acc, (right) Pushover + X Acc + e 
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35% of Km Sway Stiffness in RC Frames 

 Load Case: (left) Pushover – X Acc, (right) Pushover + X Acc + e 

 

  

Load Case: Pushover – Ex + 0.3Ey Acc  
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50% of Km Sway Stiffness in RC Frames 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 

 

 Load Case: Pushover -Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in Steel Frames 

 Load Case:  (left) Pushover – X Acc, (right) Pushover – X Acc + e 
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50% of Km Sway Stiffness in Steel Frames 

 Load Case: (left) Pushover – X Acc, (right) Pushover – X Acc + e 
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Appendix C.5 Three-Unit Aggregate, Type A 

No Retrofitting 

 Load Case: (left) Pushover + Y Acc, (right) Pushover + Y Acc + e 

 

 Load Case: Pushover -0.3Ex + Ey Acc 
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35% of Km Sway Stiffness in RC Frames 

 Load Case: Pushover – X Acc 

 

 

 Load Case: Pushover – Ex + 0.3Ey Acc 
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50% of Km Sway Stiffness in RC Frames 

 Load Case: Pushover – X Acc  

 

 

 Load Case: Pushover – X Acc + e 
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 Load Case: Pushover – Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in Steel Frames 

 Load Case: Pushover – X Acc 

 

 

 Load Case: Pushover – X Acc + e 
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50% of Km Sway Stiffness in Steel Frames 

 Load Case: Pushover – X Acc 

 

 

 Load Case: Pushover – X Acc + e 
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 Load Case: Pushover – Ex + 0.3Ey Acc 
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Appendix C.6 Four-Unit Aggregate, Type A 

No Retrofitting 

  Load Case: Pushover + Y Acc 

 

 Load Case: Pushover + Y Acc + e 
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 Load Case: Pushover 0.3Ex + Ey Acc 

 

 

 Load Case: Pushover -0.3Ex + Ey Acc 
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Repeated Ground Floor 

 Load Case: Pushover + X Acc 

 

 

 Load Case: Pushover – X Acc 

 



172 

 

 Load Case: Pushover + Y Acc 

 

 Load Case: Pushover + X Acc + e 
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 Load Case: Pushover – X Acc + e 

 

 Load Case: Pushover + Y Acc + e 



174 

 

Load Case: Pushover Ex + 0.3Ey Acc 

 

 Load Case: Pushover – Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in RC Frames 

 Load Case: Pushover – X Acc 

 

 Load Case: Pushover – X Acc + e 
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 Load Case: Pushover -Ex + 0.3Ey Acc 
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50% of Km Sway Stiffness in RC Frames 

 Load Case: Pushover – Ex + 0.3Ey Acc 
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35% of Km Sway Stiffness in Steel Frames 

 Load Case: Pushover – X Acc 

 

 

 Load Case: Pushover – X Acc + e 
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50% of Km Sway Stiffness in Steel Frames 

 Load Case: Pushover – X Acc 

 

 

 Load Case: Pushover – X Acc + e 
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Appendix D: Typical Example of how all α – values were extracted from 3DMacro 

Appendix D.1 Single-Unit Type A 

Any values marked in green are the minimum alpha-values which still pass the seismic capacity 

check, whilst the values marked in red are the load cases which failed the seismic capacity check. 

No Retrofitting 
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Repeated Ground Floor 
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35% of Km Sway Stiffness in RC Frames 
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50% of Km Sway Stiffness in RC Frames 
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35% of Km Sway Stiffness in Steel Frames 
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50% of Km Sway Stiffness in Steel Frames 
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