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ABSTRACT

The strong earthquakes that occurred during the last decade in south Europe, such as in L' Aquila 2009, Italy;Lorca 2011, Spain;Emilia 2012, Italy;Kefalonia 2014, Greece;and Central Italy 2016, emphasized the problem of the poor seismic resistance of the existing EU building stocks. A common characteristic among most of European countries in the 1980's, 1970's, or earlier was the lack of modern design standards, including requirements for the seismic safety of buildings. These vulnerable structures generally tend to have high occupancy, and include schools and hospitals, next to commercial and residential properties. Hence, there is a need for fast, reliable, and effective retrofit strategies applicable at scale for the existing European building stocks.

This thesis essentially focuses on the seismic response of masonry infilled reinforced concrete frames strengthened using Ultra-High Performance Concrete (UHPC). However, emphasis is also given to understand the in-plane shear response of masonry, which has a significant effect on the behavior of this type of structures.

The retrofitting technique proposed in this thesis is based on the principle of strengthening the existing hollow masonry infill walls with UHPC precast plates, one-side bonded along the diagonals of the infill panel by means of high strength epoxy mortar. The proposed method would not require the complete evacuation of the building and would be applicable without causing too much disturbance to the occupants.

An extensive experimental program was undertaken involving two distinct, yet interrelated studies. The first study mainly focused on testing 1000 mm x 1000 mm x 70 mm URM wallettes under the effect of a monotonic diagonal compressive load. Accordingly, twenty three masonry wallettes were constructed, of which eighteen were strengthened with different UHPC configurations. The main test variables were the width and thickness of the UHPC retrofit. Tested also as variables were the effect of masonry compressive strength, the contribution of plaster overlays and the benefits of providing double side UHPC corner plates on the overall in-plane response of the wallettes. Based on diagonal compression test results, it was concluded that confining the loaded corner with UHPC corner plates on both sides of the wallettes protected against early corner crushing and allowed the retrofitted wallettes to reach higher in-plane compressive loads. Moreover, it was observed that the effect of the UHPC strip thickness outweighed that of the UHPC strip width. For instance, increasing the width of the UHPC diagonal strips from 100 mm to 250 mm resulted in about 8% increase in the in-plane viii shear strength, whereas 27% increase was achieved by doubling the thickness of the UHPC strips from 10 mm to 20 mm. However, the effect of increasing the UHPC strip width was more pronounced in terms of ductility and energy dissipation capacity. Additionally, it was observed that specimens retrofitted with 5 mm thick UHPC displayed slightly better strength than those retrofitted with 10 mm thick UHPC and were found to outperform those retrofitted with 10 mm and 20 mm UHPC in terms of ductility and energy dissipation capacity. Specimens retrofitted with 5 mm UHPC had an in-plane strength 2.36 times the corresponding strength of the as-built reference wall, while those retrofitted with 10 mm and 20 mm UHPC had an average strength gain of 2.14 and 2.78 times that of the reference walls, respectively.

Based on the outcomes of the in-plane shear characterization study, a second experimental study was conducted which aimed at investigating the in-plane lateral behavior of masonry infilled RC frames retrofitted with the proposed technique. A total of four ½ scale single-storey, one-bay RC frames were detailed and constructed to incorporate common deficiencies observed in existing buildings located in regions of medium to high seismicity. Of these specimens, one frame was tested as-build with infill, one infilled frame was strengthened with CFRP diagonal sheets, and the remainder were strengthened with 10 mm and 20 mm thick UHPC diagonal plates, respectively. The as-built tested frame served as a lower bound control specimen and represented the baseline collapse risk associated to non-ductile masonry infilled RC frame buildings. On the other hand, the CFRP strengthened frame served as an upper bound control specimen. Test frames were subjected to quasi-static cyclic lateral loading, while in order to simulate building dead load, a constant magnitude axial force of 77 kN was maintained over each column. Moreover, two-dimensional digital image correlation method (2D-DIC) was used to monitor the experimental test response in terms of observing the progression of the crack openings across the infill wall and the separation at the panel-frame interface.

The experimental results of the lateral cyclic load tests showed that the proposed rehabilitation technique can be utilized to improve the overall seismic response of the nonductile frames infilled with hollow concrete masonry blocks. Test results were in line with those of the diagonal tension tests as the strengthening of masonry infill with 10 mm and 20 mm UHPC resulted in 2.17 and 2.76 times increase in the cracking strength of masonry. However, both UHPC strengthened specimens attained almost the same peak lateral strength, 280 kN, being twice that of the lower bound reference. The peak lateral strength of both UHPC strengthened specimens was attained at lateral drift ratio = 0.62%, being 59% larger than the corresponding drift at peak of the lower bound reference specimen. Providing UHPC corner ix plates on both sides of the infill wall proved to be successful in eliminating corner crushing failure of the masonry panel and protected the adjacent RC frame elements from experiencing brittle shear failure. In addition to that, the behavior of the UHPC strengthened specimens outperformed that of the CFRP strengthened specimens which failed at 222.2 kN at = 0.55%.

Finally, it was shown that UHPC strengthening technique remarkably improved the energy dissipation capacity of RC infilled frames, while employing 10 mm thick UHPC plates exhibited the highest displacement ductility factor among the three strengthened specimens. Cette thèse se concentre essentiellement sur la réponse sismique des structures en béton armé remplies de maçonnerie renforcées à l'aide de béton à ultra-haute performance (BFUP).

Keywords

Cependant, l'accent est également mis sur la compréhension du comportement au cisaillement dans le plan de la maçonnerie, qui a un effet significatif sur le comportement de ces structures.

La technique de renforcement proposée dans cette thèse est basée sur le principe du renforcement des murs de remplissage en maçonnerie creuse existants avec des plaques préfabriquées en BFUP collées le long des diagonales au moyen d'un mortier époxy à haute résistance. La méthode proposée ne nécessite pas l'évacuation complète du bâtiment et est applicable sans trop déranger les occupants.

Un vaste programme expérimental a été entrepris, comprenant deux études distinctes mais interdépendantes. La première étude s'est principalement concentrée sur le test de mur en maçonnerie 1000 x 1000 x 70 mm sous l'effet d'une charge de compression diagonale monotone. En conséquence, vingt-trois murs en maçonnerie ont été construits, dont dix-huit ont été renforcés avec différentes configurations BFUP. Les principales variables de test étaient la largeur et l'épaisseur du BFUP. On a également testé l'effet de la variation de la résistance à la compression de la maçonnerie, la contribution des revêtements en plâtre et les avantages à fournir des plaques d'angle en UHPC double face sur la réponse globale dans le plan des murs.

Sur la base des résultats du programme de test de caractérisation du cisaillement dans le plan, une deuxième étude expérimentale a été menée qui visait à étudier le comportement latéral dans le plan des structures BA remplis de maçonnerie renforcée avec la technique proposée. Un total de quatre structures BA à un étage et à une baie à l'échelle ½ ont été construits pour xi incorporer les faiblesses courantes observées dans les parcs de bâtiments existants situés dans des régions de sismicité moyenne à élevée. Ils ont été testées sous une charge latérale cyclique quasi-statique tandis qu'une charge verticale de 77 kN a été maintenue sur chaque colonne. Une structure a été remplie de maçonnerie non renforcée comme référence de limite inférieure, une a été renforcée avec des diagonales en CFRP comme référence de limite supérieure, et deux structures remplies ont été renforcées avec des plaques diagonales en BFUP d'épaisseur différente. De plus, au cours de la deuxième étude expérimentale, la méthode de corrélation d'images numériques bidimensionnelles (2D-DIC) a été utilisée pour suivre la progression des ouvertures de fissures dans la maçonnerie et la séparation entre la maçonnerie et la colle en BA.

Les résultats expérimentaux montrent que la technique de réhabilitation proposée peut être utilisée pour améliorer la réponse sismique globale des structures non ductiles remplis de blocs de maçonnerie en béton creux.

Mots-clés: Rénovation sismique, Structure Béton Armé, remplissage de maçonnerie, renforcement, collage de plaques BFUP préfabriquées diagonales, chargement latéral cyclique, [START_REF] Moehle | State of Research on Seismic Retrofit of Concrete Building Structures in the US[END_REF] ........................... Figure 1-19. Seismic Retrofitting Goals [START_REF] Thermou | Upgrading of RC Structures for a Target Response Shape[END_REF] [START_REF] Torregrosa | Dosage optimization and bolted connections for UHPFRC ties[END_REF].................... Figure 1-33. Typical UHPC Mix Design Components [START_REF] Voort | Design and field testing of tapered H-shaped Ultra High Performance Concrete piles[END_REF] ................ 
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General Assessment of Seismic Loading Effect on RC Buildings

The general study of history presumably is driven not so much by a preoccupation with the past, as it is by a desire to learn from our past mistakes so that we might avoid them in the future. So it is with earthquake reconnaissance, which serves to establish a historic record of what worked well in past earthquakes, as well as what did not. More so than any laboratory or analytical study, the lessons from past earthquakes have resonated with practice professionals and led to rapid advancement of building regulations that provide greater and more reliable protection.

Earthquakes have caused massive destruction since ancient history, and it was not until the 1920's and 1930's that seismic design procedures were first adopted in a general sense, when the importance of inertial loadings of buildings began to be appreciated. At that time, design for lateral forces corresponding to about 10% of the building weight was adopted in the absence of reliable measurements of ground accelerations and as a consequence of the lack of detailed knowledge of the dynamic response of structures.

By the 1960s accelerograms giving detailed information on the ground acceleration occurring in earthquakes were becoming more generally available. Consequently, it was possible to predict the seismic response of simple structures modeled as single degree of freedom systems. The advent of strength design philosophies, and development of sophisticated computer-based analytical procedures, facilitated a much closer examination of the seismic response of multi-degree-of-freedom structures.

It quickly became apparent that in many cases, seismic design to existing lateral force levels specified in codes was inadequate to ensure that the structural strength provided was not exceeded by the demands of strong ground shaking. At the same time, observations of building responses in actual earthquakes indicated that this lack of strength did not always result in failure, or even necessarily in severe damage. Provided that the structural strength could be maintained without excessive degradation as inelastic deformations developed, the structures could survive the earthquake, and frequently could be repaired economically. However, when inelastic deformation resulted in severe reduction in strength, as, for example, often occurs in conjunction with shear failure of concrete or masonry elements, severe damage or collapse was common. With increased awareness that excessive strength is not essential or even necessarily desirable, the emphasis in design has shifted from the resistance of large seismic forces to the "evasion" of these forces. Inelastic structural response has emerged from the obscurity of hypotheses, and become an essential reality in the assessment of structural design for earthquake forces.

Basic Concept of Seismic Design and Performance

For many years, seismic design philosophy has been founded on the understanding that it would be too expensive to design most structures to remain elastic under the forces that the earthquake ground motion creates. Accordingly, most modern building codes allow structures to be designed for forces lower than the elastic forces with the result that such structures may be damaged in an earthquake, but they should not collapse, and the occupants should be able to safely evacuate the building.

Research studies have shown that for most structures, the lateral displacements or drifts are about the same irrespective of whether the structure remains elastic or it is allowed to yield and experience inelastic (plastic) deformations. This is known as the equal displacement rule and it forms the basis for many of the code provisions.

An idea of the behavior of a building during an earthquake may be grasped by considering the simplified response shape shown in Figure 1-1. As the ground on which the building rests is displaced, the base of the building moves with it. However, the building above the base is reluctant to move with it because the inertia of the building mass resists motion and causes the building to distort. This distortion wave travels along the height of the structure, and with continued shaking of the base, causes the building to undergo a complex series of oscillations.

The seismic response of a building structure depends on several factors, such as the structural system and its dynamic characteristics, the building materials and design details, but probably the most important is the expected earthquake ground motion at the site. The expected ground motion, termed the seismic hazard, can be estimated using probabilistic methods, or be based on deterministic means if there is an adequate history of large earthquakes on identifiable faults in the immediate vicinity of the site. The behavior of a building during an earthquake is a vibration problem. The seismic motions of the ground do not damage a building by impact, as does a wrecker's ball, or by externally applied pressure such as wind, but by internally generated inertial forces caused by the vibration of the building mass. An increase in mass has two undesirable effects on the earthquake design. First, it results in an increase in the force, and second, it can cause buckling or crushing of columns and walls when the mass pushes down on a member bent or moved out of plumb by the lateral forces. This effect is known as the PΔ effect and the greater the vertical forces, the greater the movement due to PΔ. It is almost always the vertical load that causes buildings to collapse; in earthquakes, buildings very rarely fall over they fall down.

Dynamic Response of Structures

Dynamic response refers primarily to acceleration and displacement response of structural systems subjected to earthquake ground excitations. A great deal of attention is paid on how the structural properties, such as stiffness, mass, strength and damping may affect the seismic response and the expected performance. Furthermore, understanding these parameters may also shed the light on how to properly retrofit a structure in order to effectively enhance its seismic response.

Buildings oscillate during earthquake shaking. The oscillation causes inertial forces within the building. Internal forces are generated when an outside force tries to make the building move if it is at rest or change its rate or direction of motion if it is moving. The intensity and duration of oscillation, and the amount of inertia force induced in a building depend on features of buildings, called their dynamic characteristics, in addition to the characteristics of the earthquake shaking itself. The important dynamic characteristics of buildings are modes of oscillation and damping. A mode of oscillation of a building is defined by associated Natural Period and Deformed Shape in which it oscillates.

It is convenient to idealize a complex three-dimensional structure into a simpler singledegree-of-freedom (SDOF) oscillator, as shown in Figure 1 Buildings with different periods of vibration, will respond in different ways to the same earthquake ground motion. Conversely, any given building will act differently during different earthquakes, so for design purposes it is necessary to represent the building's range of responses to ground motion of different frequency content. Such a representation is termed a site response spectrum. A site response spectrum is a graph that plots the maximum response values of acceleration, velocity, and displacement against period, as a function of the period of vibration.

Figure 1-3 shows a simplified version of a response spectrum. These spectra show how building response varies with building period; as the period lengthens, accelerations decrease and displacement increases. On the other hand, one-or two-story buildings with short periods undergo higher accelerations but smaller displacements.

Figure 1-3. Simplified Response Spectra (FEMA 454, 2006) Response spectra such as those in Figure 3 demonstrates important information regarding system performance. It is worth noting that most existing buildings have base shear strengths considerably less than the building weight. Therefore, inelastic response can be anticipated. As a results of inelastic deformation, the building base shear is limited by the strength of the building under lateral loading rather than being determined by the linear spectral ordinates. Studies of inelastic response of oscillators show that, for "long" period, the average peak displacement for inelastic response is approximately equal to that for elastic response.

Earthquake ground motions commonly have jagged response spectra similar in nature to those shown in Figure 3, though the detail will change from on record to another. It is impossible with current technology to predict the jagged details of spectra for future earthquake.

Therefore, for design purposes, an alternative approach is to use smoothed design spectra based on the average of spectra for ground motions that are representative of hazard level at a site. Smoothed design response spectra can be used to guide decisions about retrofitting.

Procedures that increase damping will reduce both the spectral acceleration and spectral displacement demands assuming that the retrofit measure does not modify the mass or stiffness significantly. Procedures that stiffen a building (decrease the period) tend to reduce displacement demands and thereby can protect drift-sensitive building components. Although period reduction may result in an increase in the spectral acceleration, this indication is somewhat misleading; it should be remembered that the response is likely to be inelastic for most structures requiring rehabilitation, therefore, internal forces are limited by the structural strength and not determined directly by the linear acceleration response spectrum ordinates. In general, tall buildings respond to seismic motion differently than low-rise buildings.

The magnitude of inertia forces induced in an earthquake depends on the building mass, ground acceleration, the nature of the foundation, and the dynamic characteristics of the structure. If a building and its foundation were infinitely rigid, it would have the same acceleration as the ground, resulting in an inertia force F = ma, for a given ground acceleration, a. However, because buildings have certain flexibility, the force tends to be less than the product of buildings mass and acceleration. Tall buildings are invariably more flexible than low-rise buildings, and in general, they experience much lower accelerations than low-rise buildings. But a flexible building subjected to ground motions for a prolonged period may experience much larger forces if its natural period is near that of the ground waves. Thus, the magnitude of lateral force is not a function of the acceleration of the ground alone, but is influenced to a great extent by the type of response of the structure itself and its foundation as well. This interrelationship of building behavior and seismic ground motion also depends on the building period as formulated in the so-called response spectrum.

Currently our codes recognize the beneficial aspect of flexibility (long period) by permitting lower design coefficients. However, there is an exchange, in that the lower accelerations in the more flexible design come at the expense of more motion. This increased motion may be such that the building may suffer considerable damage to its nonstructural components in even a modest earthquake.

Factors Affecting Buildings Performance in Earthquakes

Observations of past earthquakes have led to the conclusion, contrary to prevalent building code emphasis, that the lateral load strength of the building is not an adequate simple index to represent the safety of a building. The earthquake response of a building is influenced by characteristics of earthquake motion, structural configuration, dynamic properties, lateral strength, deformation capacity of constituent members, foundation, soil-structure interaction, quality of workmanship, structure age and maintenance, and loading history (Moehle and Mahin, 1991).

Lack of Strength and Deformation capacity

Failure of a structure during strong earthquake motion occurs when the deformation capacity is reached, normally by failure of vertical load carrying members, before or after formation of plastic hinge mechanism under lateral loading, or when second order effect cause instability after deformation. Numerous failures after earthquakes have demonstrated the collapse of buildings by reaching the strength and deformation capacity.

The ability of a structure to withstand given earthquake shaking depends on a complex interrelation between the ground motion, the building resistance in terms of stiffness and strength, and the building deformability. This complex relation commonly is simplified for design and assessment purposes into the statement that a building with low deformation capacity requires high stiffness and strength while one with larger deformation capacity can perform well with lower stiffness and strength. The structural damage of a building with high building resistance (stiffness and strength) is likely to be smaller than that of a building with low resistance, regardless of the deformation capacity. Therefore, a certain minimum resistance is desired where enhanced performance is sought for frequent events.

Vertical Irregularities

One of the more common risky conditions of a building has been noted where the stiffness and associated strength are abruptly reduced in a storey along the height. Earthquakeinduced deformations tend to concentrate at the flexible and/or weak storey. If such a soft storey consists of less-ductile columns, the damage often leads to collapse of the storey. Interaction with non-structural components may pose a problem both for the system as a whole or for individual components. From a system perspective, important non-structural components include infill walls and stairways. These elements can impart significant stiffness to the framing system where they are located, and because that additional stiffness was unintended, it may result in adverse system behavior. One example is where infills initially are very stiff, but their sometimes weak and brittle behavior results in failure at a single storey, thereby creating a soft storey, as shown in Figure 1 

Influence of Infill Walls on the Seismic Behavior of Buildings

Frame structures with masonry infill have been in use for more than 200 years. This construction typology may be commonly found in regions of medium to high seismicity, especially where masonry is still considered an economical construction material. For instance, masonry infilled RC frame construction is one of the most common structural systems in many of Latin American, Mediterranean, as well as in Asian countries [START_REF] Stavridis | Analytical and experimental study of seismic performance of reinforced concrete frames infilled with masonry walls[END_REF]Pallares et al., 2021). Unreinforced masonry infills in these buildings erroneously, to say the least, had often been considered as non-structural elements during the structural design phase, being only a means of providing a building envelope and internal partitioning. (FEMA 306, 1998;Jiang et. al., 2015, Basha and[START_REF] Basha | Behavior and failure mechanisms of masonry-infilled RC frames (in low-rise buildings) subject to lateral loading[END_REF].

In the event where infilled frames are subjected to lateral in-plane forces, the masonry panel acts as a compression strut member along the loaded diagonal and elongates in tension along the opposite diagonal. Therefore, the presence of masonry infills substantially increases the stiffness of the system. As a result, infilled frames undergo smaller lateral displacements compared with RC bare frames, as illustrated in Figures 1-9a and 1-9b. This results in stiffer building response during an earthquake event which reduces the building's natural period of vibration and increases the acceleration/inertia forces acting on the structure. Owing to their stiffness, infill panels also attract large in-plane forces and dominate the behavior of the frame.

Observed damage in recent earthquakes has highlighted the vulnerability of existing infilled reinforced concrete structures [START_REF] Kouris | a review of seismic damage mechanisms[END_REF][START_REF] Ricci | 6th April 2009 L'Aquila earthquake, Italy: reinforced concrete building performance[END_REF][START_REF] De Luca | The structural role played by masonry infills on RC building performances after the 2011 Lorca, Spain, earthquake[END_REF][START_REF] Fikri | Seismic performance of reinforced concrete iframe with masonry infill buildings in the 2010/2011 Canterbury, New Zealand earthquakes[END_REF]. While the effect of masonry infills is typically ignored in structural design, their presence was found to cause brittle damage and failure mechanisms in failure, and plastic hinging in the surrounding frame [START_REF] Mehrabi | Experimental evaluation of masonryinfilled RC frames[END_REF]. Infilled frame buildings designed and built before the implementation of modern seismic codes are non-ductile and constitute an important part of the high-risk structures all around the world. These structures are not detailed for ductility and may have one or more deficiencies: columns weaker than beams, lap splices in column hinge zones, and insufficient transverse reinforcement for confinement, for shear strength, and for longitudinal reinforcement stability. The beam/ column joints in concrete frames need to transmit high shear forces. When infills are present, shear force demands are considerably higher, leaving the beam or column vulnerable to shear failure (FEMA 306, 1998). Therefore, the rehabilitation of these buildings to resist seismic actions is a task of high importance in order to reduce the loss of life and property associated with a possible structural failure. 2016), showed that the majority of the existing RC multi-story buildings did not collapse.

Rehabilitation Strategies and Techniques

However, non-structural damage was extensive as the masonry infill walls suffered major damage (Bournas, 2018). Therefore, an efficient and reliable assessment procedure should be employed to identify probably deficient buildings rather than aiming to upgrade all other buildings.

A (Bournas, 2018). Accordingly, the vast majority of the existing buildings are deficient in terms of seismic resistance. In particular, a number of old concrete and masonry buildings that were not designed according to the modern EU standards collapsed under seismic excitations resulting in significant economic losses, severe injuries, and loss of human lives. For instance, only the cost for reconstruction in Italy is estimated above EUR 30 billion for that period (Bournas, 2018).

These vulnerable masonry infilled structures generally tend to have high occupancy and include schools and hospitals, next to commercial and residential properties. Hence, there is a need for fast, reliable, and effective retrofit strategies applicable at scale for the existing European building stock.

Retrofitting Strategies

The vast majority of existing buildings have been designed and constructed without provisions for seismic resistance. As demonstrated by research and field observations, they are likely to suffer significant damage, even for moderate earthquakes. In addition to the economic loss, seismic-deficient buildings may cause injuries and casualties. The seismic engineering research community has dedicated significant efforts in developing retrofit measures to address these issues [START_REF] Tsionis | Seismic Strengthening of RC Buildings, Institute for the Protection and Security of the Citizen[END_REF].

The basic concept of seismic retrofitting is to reduce the vulnerability of structures during an earthquake event. Global retrofit measures involve global modification of the lateral-force-resisting system. It is deemed appropriate for flexible buildings as well as for systems with an incomplete lateral load path. Global retrofitting is a suitable approach for increasing the stiffness of an existing structure in order to reduce excessive lateral deflection in deficient buildings in which critical components do not process adequate ductility to resist the resulting deformation.

Moreover, global structural strengthening may be also suitable to increase the lateral capacity of an existing structure which may raise the threshold of ground motion at which the onset of damage occurs (ASCE/SEI, 2014).

The main objectives of seismic retrofitting are to reduce the effects of seismic actions or to upgrade original performance. Several retrofit strategies and measures, as illustrated in 

Reduce the Effects of Seismic Actions

Existing buildings designed prior to modern seismic codes are often severely damaged due to shear failure of members preceding flexural yielding, or in the event where members undergo flexural yielding but at small deformation. A basic strategy for such structures is to limit the deformation or force demands on the brittle components by adding lateral stiffness or by reducing the earthquake input.

(a) Increasing Lateral Stiffness and Strength

The lateral stiffness may be increased by adding new bracing systems such as placement of structural walls, steel bracing, or new moment resisting frames. This method is effective when the structure has many existing structural members known to fail at a small lateral deflection, such as existing columns whose details are insufficient to prevent shear failure at a small lateral deflection. In addition to that, this method can be effective to reduce the likelihood of pounding between adjacent buildings, or to improve the functionality of buildings with drift sensitive structural and non-structural elements [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF]. This strategy is illustrated in In designing new bracing systems for an existing building, special attention must be paid to produce a final design that is structurally well balanced in plan and regular in elevation.

As a matter of fact, one of the advantages of adding new bracing systems is that existing plan or vertical irregularities may be effectively reduced [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF].

Some new bracing systems introduce considerable weight into the building. The foundation must be examined to avoid overstress by the addition of dead loads associated with the rehabilitation work.

(b) Seismic Isolation

When conventional construction is subjected to an earthquake, it can cause very high floor accelerations in stiff buildings and large inter-story drifts in flexible structures. These two factors cause difficulties in ensuring the safety of the building components and contents.

Installing base isolation into conventional construction can reduce both inter-story drift and floor accelerations, and provide a viable economic solution to the difficult problem of reducing non-structural earthquake damage. Figure 1-16 illustrates the earthquake response of conventional and base isolated structures [START_REF] Mayes | Design of structures with seismic isolation[END_REF].

Seismic isolation involves the insertion of flexible or sliding bearings at one level of a buildings, though not always at the foundation level. The bearing reduce the stiffness of the system at that level, and hence limit the seismic forces that can be introduced into the building.

This approach can be highly effective in protecting brittle structural elements as well as acceleration-sensitive building components. System displacement may increase associated with increase in period, however, displacements are concentrated in the bearings and therefore do not adversely affect the drift-sensitive components of the building. Seismic isolation has become especially popular for historical buildings not only because of the seismic protection provided by this technique, but also due to the fact that it can be implemented without significant disturbance of the historic architectural features [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF]ASCE/SEI, 2014).

For the isolation devices to be effective, the period of vibration bust be shifted to the descending branch of the response spectrum. Subsequently, light structures may not be suited for the rehabilitation with this method. In addition to that, widely available isolation devices cannot resist high tension forces. For this reason, isolation devices have limited application for slender structures where overturning actions can be high [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF]ASCE/SEI, 2014). In some cases, although the structural displacements are reduced, the forces delivered to the structure can actually be increased [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF]ASCE/SEI, 2014). Figure 1-17 shows a typical example of a friction damper system, which is installed in the building's diagonal bracing system.

Figure 1-17. Friction Damper [START_REF] Cheung | Seismic retrofit of existing buildings: innovative alternatives[END_REF] (

d) Mass Reduction

Mass reduction may be an effective retrofitting technique for some existing buildings.

By reducing effective mass, the vibration period of the structure is shortened, inertial forces are reduced, and displacement demands are reduced. Mass can be reduced through demolition of upper stories, replacement of heavy cladding and interior partitions, or removal of heavy storage and equipment loads. Although reducing the mass may be a very effective technique in some cases, yet, in most cases it is of marginal value.

Upgrade Original Performance

There exists several approaches to upgrade the original performance of existing buildings, such as increasing strength, deformability or changing the structural configuration in order to improve irregularity of stiffness or strength distribution.

(a) Strengthening of Existing Structures

A general approach to upgrade original performance is to strengthen existing structures by either Traditional techniques that make use of conventional construction materials or new techniques that are based on advanced composite materials as described in section 1.3.4.2.

(b) Increasing Deformation Capacity (Ductility)

As mentioned previously, performance of existing buildings is limited by the poor deformation capacity of relatively brittle older construction. Several techniques exist for decreasing deformation demands, such as adding additional stiffness or using seismic isolation or energy dissipation devices. Sometimes these techniques are unsuitable for the building function or they may be structurally ineffective. The strategy of increasing the deformation capacity is illustrated in Figure 1-18. It can be seen that the deformation capacity has increased without remarkably altering the overall stiffness or strength of the system. Consequently, displacement demands of the earthquake are not changed. In some cases it may be appropriate both to increase the deformation capacity and to modify the demands using one the procedures identified in Section 1.3.2. The deformation capacity of a structural member can be increased by shifting brittle failure modes to ductile failure modes. A structural member may fail in a variety of different modes, but it fails in the mode having the lowest strength under seismic loading. Normally, an undesirable failure mode is avoided by strengthening the member against failure in that mode.

An alternative approach is to lower the strength of some desired modes so that the desired mode becomes the weak link in the system [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF].

(c) Changing Structural Configuration

Some existing buildings may be found to have most of the requirements of an adequate lateral-force-resisting system, including vertical bracing elements, structural diaphragms, and vertical-load-bearing elements with adequate lateral deformation capacity, however, they may be lacking some details to complete the load path. Seismic retrofit in these cases may be limited to providing the missing connectivity or force-transfer capacity. In other cases, these connectivity or force-transfer inadequacies may be coupled with other system needs such as those described in sub-sections 1.3.2.1 and 1.3.2.2.(b), in which case a more comprehensive retrofit may be required such that.

Buildings which process irregularities in elevation such as discontinuous structural walls may require more significant modifications to complete the lateral-force-resisting system, such as adding new bracing systems for an existing building [START_REF] Fib | Seismic Assessment and Retrofit of Reinforced Concrete Buildings, State-of-theart report[END_REF].

It is important to mention that an appropriate method for one building may be inappropriate for another. Prior to any rehabilitation, detailed investigation is needed in order to establish the performance of the building. The selected rehabilitation method should be consistent with the function of the building and should aim to properly address the revealed deficiencies. Each rehabilitation measure shall be evaluated in conjunction with other rehabilitation measures, and the existing structure as a whole, to assure that the complete rehabilitation scheme achieves the target Building Performance Level for the selected Earthquake Hazard Level (ASCE/SEI, 2014).

Effect of Seismic Retrofitting

The effects of rehabilitation on strength, stiffness, and ductility shall be taken into account in an analytical model of the rehabilitated structure, due to the fact that these properties predominantly govern the seismic performance of buildings (ASCE/SEI, 2014).

Figure 1-19 shows capacity curves obtained from nonlinear static analysis of the existing and retrofitted building [START_REF] Thermou | Upgrading of RC Structures for a Target Response Shape[END_REF]. The enhancement of ductility is illustrated in Figure 1-19a, and it may be feasible for existing RC buildings with poor detailing (widely spaced transverse reinforcement or insufficient lap splicing in existing structural elements). Deformation capacity can be increased without significant modifications of the overall stiffness and capacity, hence the displacement demands remain unchanged as a result of the retrofit. An effective way of increasing the displacement capacity is by changing the failure modes in existing structural elements from brittle to ductile.

On the other hand, increasing stiffness tends to reduce displacement demands and thereby can protect drift-sensitive building components. Although period reduction may result in an increase in the spectral acceleration, this indication is somewhat misleading; structural stiffening may attract larger seismic forces into a building during an earthquake, but it normally adds strength to the building to resist the additional forces. Additionally, it should be remembered that the response is likely to be inelastic for most of the structures requiring rehabilitation, so internal forces are limited by the structural strength and not determined directly by the linear acceleration response spectrum ordinates.

Stiffness and capacity enhancement, as illustrated in Figure 1-19b, are feasible for retrofitting of the existing buildings characterized by low ductility. This approach is effective when an existing building has several structural elements which are expected to fail at small lateral deflections. Addition of new bracing systems, such as RC shear walls or steel bracings are examples of effective retrofitting techniques for enhancing both the capacity and stiffness of existing buildings. Stiffness, capacity, and ductility enhancement, as illustrated in Figure 1-19c, are suitable for existing buildings with low capacity, or where seismic demand is high due to high seismic hazard.

Figure 1-19. Seismic Retrofitting Goals [START_REF] Thermou | Upgrading of RC Structures for a Target Response Shape[END_REF] The selection of retrofit measures primarily depends on the objectives of the seismic retrofit, as well as on the effects they have on the building properties. Figure 1-20 shows the most common retrofit measures together with the properties they affect. It is shown that some measures impact more than one property of the structure, one of which may lead to an unfavorable effect. For example, an increase in stiffness aiming to reduce the deformation demand will lead to higher force demands that could exceed the as-built capacity of some elements. The interaction between properties at both local and global level might be critical in the process of designing the retrofit. 

Strengthening Techniques

A large number of existing buildings in earthquake prone areas around the world need seismic rehabilitation due to several reasons such as code update or earthquake damage [START_REF] Sugano | State -of -the -Art in Techniques for Rehabilitation of Buildings[END_REF]. Pre-earthquake rehabilitation, which is the main focus if this research, is needed for those non-ductile frame buildings that do not comply with current codes in order to meet the requirements of the code in force. On the other hand, post-earthquake rehabilitation is needed for earthquake damaged buildings, which may require strengthening along with repair of damaged portions for re-use. Commonly, they are rehabilitated so that their improved seismic performance may satisfy the required performance as set by the current code.

Aims of Seismic Strengthening

Several strengthening techniques have been developed aiming at increasing the strength, the deformation, or a combination of these two features in an attempt to meet the required seismic performance of existing structures, as shown in Figure 1-21. The required seismic performance is evaluated in terms of strength and/or ductility. The combination of strength and ductility involves the proper balance between strength and stiffness. For low-to-medium-rise buildings, the most promising approach is to provide an increase in strength. Even if sufficient ductility is provided, adequate strength is of paramount importance to reduce inelastic deformations [START_REF] Sugano | State -of -the -Art in Techniques for Rehabilitation of Buildings[END_REF]. 

Strengthening of Masonry Infilled Frames

The earthquake engineering community pays a great deal of attention to the influence that masonry infill walls has on the structural response of reinforced concrete frames. A large number of reinforced concrete structures with inadequate lateral strength and limited ductility exhibited weak performance during past earthquakes around the world due to various deficiencies, including soft story, weak column-strong beam connections, insufficient confinement, and non-seismic reinforcement detailing. At the present time, several RC structures in use have similar deficiencies and need to be strengthened against seismic loads.

One way to improve the seismic behavior of this kind of structures is to enhance the in-plane shear behavior of infill panels [START_REF] Dehghani | Engineered cementitious composites for strengthening masonry infilled reinforced concrete frames[END_REF]. The use of existing masonry panels in a strengthening scheme for RC structures is an interesting solution, because it can avoid the catastrophic failure modes of masonry panels and can simultaneously use the beneficial characteristics offered by infills such as the increase in the lateral load resistance and the stiffness of the system [START_REF] Koutas | Seismic strengthening of masonry-infilled RC frames with TRM: experimental study[END_REF].

Based on this concept, various techniques have been developed and several of them are applied in practice to strengthen masonry infilled RC frames. These techniques could be divided in two categories: 2004) and [START_REF] Chuang | Seismic retrofitting of unreinforced masonry-a literature review[END_REF] and can be listed as follows:

Surface treatment method:

This method incorporates different techniques such as:

-Ferrocement technique: Consists of 10 -50 mm thick cement mortar layer applied onto masonry surface and having a compressive strength of 15 -30 MPa, reinforced with closely spaced multiple layers of hardware mesh of fine rods, as shown in Figure 1-22, having a reinforcement ratio of 3 -8% [START_REF] Montes | Behaviour of a hemispherical dome subjected to wind loading[END_REF]. According to [START_REF] Abrams | Flexural behavior of retrofitted masonry piers[END_REF], this strengthening technique led to a 50% increase in the lateral in-plane resistance of the URM when subjected to a static cyclic test and improved the wall out-ofplane stability and arching action due to an increase in the wall height-to-thickness ratio. -Reinforced plaster technique: Consists of a thin cement plaster layer reinforced with high strength steel bars arranged diagonally or in a vertical and horizontal mesh, is applied over the masonry wall surface [START_REF] Sheppard | The effect of repair and strengthening methods for masonry walls[END_REF], as illustrated in Figure 1-23. In diagonal tension test and static cyclic tests, the in-plane resistance of walls strengthened with this technique was improved by a factor of 1.25 -3 [START_REF] Jabarov | Strengthening of damaged masonry by reinforced mortar layers[END_REF][START_REF] Sheppard | The effect of repair and strengthening methods for masonry walls[END_REF]. -Shotcrete technique: Consists of an at least 60 mm thick overlays, sprayed onto the surface of a masonry wall, reinforced with a welded wire fabric having a minimum steel ratio needed for crack control [START_REF] Abrams | Flexural behavior of retrofitted masonry piers[END_REF]Karantoni and Faradis, 1992;[START_REF] Kahn | Shotcrete retrofit for unreinforced brick masonry[END_REF][START_REF] Hutchison | Laboratory testing of a variety of strengthening solutions for brick masonry wall panels, 8th WCEE[END_REF]. [START_REF] Kahn | Shotcrete retrofit for unreinforced brick masonry[END_REF] conducted diagonal tension test on URM panels strengthened with one-sided 90 mm thick shotcrete overlays, test results indicated an increase in the ultimate load capacity of the strengthened panels by a factor of 6 -25.

Whereas, [START_REF] Abrams | Flexural behavior of retrofitted masonry piers[END_REF], found a 3 times increase in the ultimate load capacity of retrofitted specimens subjected to a static cyclic test. It is worth mentioning that the improvement in the cracking load was very high in the case of specimens subjected to diagonal tension test [START_REF] Kahn | Shotcrete retrofit for unreinforced brick masonry[END_REF], however, in static cyclic test [START_REF] Abrams | Flexural behavior of retrofitted masonry piers[END_REF] the increment in the cracking load was insignificant. This retrofitting technique dissipates high-energy due to successive elongation and yield of reinforcement in tension. The application of shotcrete is depicted in Figure 1-24.

-Grout or epoxy injected method into pre-existing cracks or voids: this method aims at restoring the original integrity of the masonry walls. It is a popular strengthening technique, as it does not alter the aesthetic and architectural features of the existing buildings. Epoxy resin is used for relatively small cracks which are less than 2 mm wide, while, cement-based grout is considered more appropriate for filling of larger cracks, voids, and empty collar joints in multi-wythe masonry walls [START_REF] Calvi | Experimental results on unreinforced masonry shear walls damaged and repaired[END_REF][START_REF] Schuller | Injection grouting for repair and retrofit of unreinforced masonry[END_REF]. This

technique improves the overall behavior of the retrofitted URM. Cement-based grout injection was capable of restoring up to about 0.8 of the unretrofitted masonry compressive strength (Schuller et al., 1984), 0.8-1.1 of the unretrofitted wall in-plane stiffness and 0.8-1.4 of the wall unretrofitted in-plane lateral resistance [START_REF] Sheppard | The effect of repair and strengthening methods for masonry walls[END_REF]Manzouri et al. 1996;[START_REF] Calvi | Experimental results on unreinforced masonry shear walls damaged and repaired[END_REF]. The process of injecting grout is depicted in Figure 1-25. Externally reinforcing existing URM wall using steel plates or tubes method, as shown in Figure 1-26: The system consisted of vertical and diagonal bracing connected to the URM wall using through thickness bolts, which according to [START_REF] Taghdi | Seismic retrofit of low-rise masonry and concrete walls by steel strips[END_REF], improved the lateral in-plane resistance of the retrofitted wall by a factor of 4.5 as well as it provided an effective energy dissipation mechanism, where according to test results steel strips contributed to about 50% of the total energy dissipation [START_REF] Taghdi | Seismic retrofit of low-rise masonry and concrete walls by steel strips[END_REF][START_REF] Rai | Seismic strengthening of unreinforced masonry piers with steel elements[END_REF]. on the height and size of the building. This technique improves the integrity and increases ductility and energy dissipation of URM buildings, however, has limited effect on the ultimate load resistance [START_REF] Chuxian | The design of Brick masonry structure with concrete column[END_REF]Zhang et al., 1997, Zezhen et al., 1984). When applied to URM walls which had an aspect ratio of 0.33 the confinement system increased the cracking and the ultimate loads by a factor of 1.27 and 1.20, respectively (Zezhen et al., 1984;Zhang et al., 1997;[START_REF] Chuxian | The design of Brick masonry structure with concrete column[END_REF]. On the other end, the lateral resistance at ultimate load was increase by a factor of 1.5 when the confinement was applied to walls with higher aspect ratio (Tomazevic and Klemenc, 1997). In addition to that, the lateral deformations and energy dissipation improved by more than 50% for URM walls strengthened with this technique (Tomazevic andKlemenc, 1997, Zezhen et al., 1984). 

2004)

Center core system: In this method, grouted cores drilled vertically through the midthickness of the wall height in the vertical direction and reinforced with steel bars, as

shown in Figure 1-28. Depending on the thickness of the URM wall, the diameter of the core may be 50 -125 mm. this method was implemented to increase both the in-plane and the out-of-plane load capacity of masonry walls. According to [START_REF] Abrams | Flexural behavior of retrofitted masonry piers[END_REF], the lateral resistance of URM wall was doubled when strengthened with this technique and that the tested specimen could attain high level of lateral displacement; however, the energy dissipation capacity was limited. These conventional techniques have been proven effective, but they also have disadvantages. Many of them are expensive, time and labor intensive, require skillful detailing, and adversely affect the aesthetics of the structure. Furthermore, thick surface treatments reduce building space and can add significant mass to a structure, which can significantly affect its dynamic response and may require strengthening of the foundations as well. Durability and corrosion of steel reinforcement is also an issue. These techniques may also significantly disrupt the occupancy of buildings under renovation [START_REF] Dehghani | Engineered cementitious composites for strengthening masonry infilled reinforced concrete frames[END_REF].

(b) New techniques based on advanced composite materials such as fiber reinforced polymer (FRP) or textile reinforced mortar (TRM)

To overcome the disadvantages of conventional strengthening techniques, researchers have introduced the use of fiber reinforced polymer (FRP) materials. Typically, these materials are made of Carbon (CFRP), Glass (GFRP), Basalt (BFRP) or Aramid (AFRP) fibers, and offer several advantages such as high tensile strength to weight ratio, corrosion resistance, as well as ease and speed of application [START_REF] Ianniruberto | Influence of FRP reinforcement on the local ductility of R.C elements[END_REF]. The light weight of the material improves on-site handling, which reduces labor costs and interruptions to existing services and building occupants. The light weight is also advantageous from a seismic point of view, as an increase in building mass also increases the earthquake forces within a building (Peterson 2009).

The effectiveness of retrofitting masonry walls with either externally bonded (EB) FRP laminates or near surface mounted (NSM) FRP bars has been assessed for the past decades, and this strengthening system has shown its ability to improve the in-plane shear capacity, and the ductility of masonry walls [START_REF] Valluzzi | Shear behaviour of masonry panels strengthened by FRP laminates[END_REF][START_REF] Marcari | In-plane shear performance of masonry panels strengthened with FRP[END_REF][START_REF] Marcari | Shear capacity assessment of tuff panels strengthened with FRP diagonal layout[END_REF][START_REF] Foti | On the numerical and experimental strengthening assessment of tufa masonry with FRP[END_REF][START_REF] Alecci | Shear capacity of masonry panels repaired with composite materials: Experimental and analytical investigations[END_REF]. [START_REF] Tinazzi | Assessment of technologies of masonry retrofitting with FRP[END_REF] and [START_REF] Morbin | Strengthening of masonry elements with FRP composites[END_REF] The use of FRP diagonal strips has been investigated for seismic retrofitting of onestorey [START_REF] Saatcioglu | Seismic performance of masonry infill walls retrofitted with CFRP sheets[END_REF][START_REF] Altin | An experimental study on strengthening of masonry infilled RC frames using diagonal CFRP strips[END_REF][START_REF] Nateghi-Elahi | Experimental behavior of brick-infilled concrete frames strengthened by CFRP with improved attaching technique[END_REF] and twostorey (Erdem et al., 2006;[START_REF] Yuksel | Seismic retrofitting of infilled reinforced concrete frames with CFRP composites[END_REF][START_REF] Graybeal | Material Property Characterization of Ultra-High Performance Concrete[END_REF][START_REF] Ozden | Seismic strengthening of infilled reinforced concrete frames with composite materials[END_REF] showed on average 40% higher lateral strength and 15% higher stiffness than those strengthened on one side. Specimens at which CFRP strips of the same width were applied to one of the interior or exterior surface of the infill wall showed similar lateral strength and stiffness. Furthermore, it was concluded that increasing the width of CFRP strips beyond 0.2 times the diagonal length of the infill wall had insignificant effect on the lateral behavior of the strengthened specimens. [START_REF] Dehghani | Experimental Results and Conclusions Obtained On the Masonry-Infilled Concrete Frames Strengthened by CFRP[END_REF] tested four ½ scale, one bay, one story, RC frames infilled with solid clay brick, under reversed cyclic quasi-dynamic load. The experimental program consisted of one control specimen and three rehabilitated specimens by applying eight layers of CFRP strips diagonally on both sides of the infill wall. The shape and distance of the anchors and column confinement location were the main variables of their study. Test results indicated that strengthening of infilled RC frames using CFRP would not be effective unless CFRP strips are properly connected to the infill wall and the frame members. It was observed that strengthened specimens had an increase in the energy dissipation capacity; on the other hand, the lateral stiffness did not improve considerably. In addition to that, the use of CFRP prevented out of plane failure of the wall. The use of CFRP has increased the lateral load capacity of the frame.

The energy dissipation capacity of strengthened specimens has increased, irrespective of the frame aspect ratio.

It was observed that, the proposed strengthening method was more efficient in the case of squat frames compared with slender frames.

CFRP wraps has once again proved ineffective in confining column regions of insufficient lap splice length.

Debonding failure mechanism has occurred in several test specimens. [START_REF] Akın | Scale Effect on CFRP Strengthening of Infilled Reinforced Concrete Frames[END_REF] investigated the scale effect on the seismic behavior of infilled RC frames strengthened with diagonal CFRP sheets. Test results of ½ scaled two storey, one bay, RC frames were compared with those of 1/3 scaled similar frames. Based on test results, it was concluded that there was no considerable scale effect on the ultimate lateral load capacity of both unstrengthened and strengthened specimens. Yet, the ability to dissipate energy for ½ scaled frames is slightly higher that of 1/3 scale specimens. This was a consequence of an improved inelastic lateral displacement characteristics of ½ scaled frames. As for the initial stiffness, it was found to be only 50 to 65% of those of 1/3 scaled specimens. According to the authors, defects are likely to occur in large scale RC members, which may result in a more widespread cracking and lower stiffness values.

In addition to that, many other studies invested the strengthening of masonry infilled frames using Fiber Reinforced Polymers. [START_REF] Hamid | Behavior of composite unreinforced masonry-fiber-reinforced polymer wall assemblages under in-plane loading[END_REF] observed that the presence of FRP laminates improved the shear strength of mortar beds in masonry walls and helped maintaining specimen integrity. [START_REF] Elgawady | In-plane seismic response of unreinforced masonry walls upgraded with fiber reinforced polymer[END_REF] reported that the use of FRP retrofits led to an increase in the lateral strength and stiffness of the masonry slender and squat walls. It was also concluded that the fundamental frequency and the initial stiffness of the strengthened specimens was not affected using FRP Retrofits. In their study, Hernan and Pablo (2010) repaired brick infilled walls damaged by shear, using FRP strips. Test results revealed similarity in terms of maximum strength, deformation capacity, and cracking pattern between repaired and undamaged walls. Papanicolaou et al. (2011) conducted an experimental study on externally bonded CFRP grids as strengthening technique of unreinforced masonry walls tested against cyclic loading. Variables such as the number of strengthening layers, the type of bonding agent, the grid type, and the level of compressive stress applied under in-plane loading were investigated. According to test results, it was concluded that the seismic upgrading of existing masonry structures could be achieved using externally bonded CFRP grids.

Despite their well-established advantages (high strength, corrosion resistance, ease, and speed of application), the FRP strengthening technique entails drawbacks: poor behavior at high temperatures, high costs, inapplicability on wet surfaces or low temperatures, health and safety issues for manual workers, and incompatibility with substrate materials, mainly attributed to the organic resins used to bind and impregnate the fibers. Moreover, FRP strips suffers from brittle failure modes and possible early debonding from a weak substrate when used to strengthen masonry infills [START_REF] Petersen | In-plane shear behavior of unreinforced masonry panels strengthened with fiber reinforced polymer strips[END_REF][START_REF] Banijamali | Reviewing the FRP strengthening systems[END_REF][START_REF] Maljaee | FRP-brick masonry bond degradation under hygrothermal conditions[END_REF][START_REF] Mazzotti | Diagonal compression tests on masonry panels strengthened by FRP and FRCM[END_REF].

To address the problems of the conventional or the FRP strengthening techniques, a novel composite material called textile-reinforced mortar (TRM) has been recently proposed for the seismic retrofitting of RC structures by substituting the epoxy matrix with a cementitious matrix [START_REF] Bournas | Textile-reinforced mortar versus FRP Jacketing in seismic retrofitting of RC columns with continuous or Lapspliced deformed bars[END_REF][START_REF] Koutas | Seismic strengthening of masonry-infilled RC frames with TRM: experimental study[END_REF]. In the literature, TRM is also known as fabric reinforced cementitious matrix (FRCM), or Textile Reinforced Concrete (TRC).

Developed as an evolution of ferrocement, TRM consists of an open-mesh textile fiber reinforcement configuration embedded within an inorganic cementitious mortar matrix [START_REF] Nanni | A new tool for concrete and masonry repair[END_REF]. TRM is regarded as a low cost, easy dealt with by workers, compatible to concrete and masonry substrates material, which can be applied on wet surfaces or at low temperatures.

Moreover, TRM possess excellent mechanical behavior as strengthening material at high temperatures [START_REF] Tetta | TRM vs FRP jacketing in shear strengthening of concrete members subjected to high temperatures[END_REF][START_REF] Raoof | Bond between TRM versus FRP composites and concrete at high temperatures[END_REF]. For all these reasons, using TRM systems is progressively becoming more attractive for the strengthening of existing RC and masonry structures than the widely used FRP systems. A state-of-the-art review on the use of TRM for the strengthening and seismic retrofitting of RC structures is found in Koutas et al., (2018) as well as in Pohoryles and Bournas (2020). Several experimental studies have been carried out to assess the behavior of masonry walls retrofitted with this technique; it was found that the application of FRCM overlays resulted in a considerable improvement in the in-plane shear strength and ductility of the strengthened panels [START_REF] Prota | Experimental in-plane behavior of tuff masonry strengthened with cementitious matrix-grid composites[END_REF][START_REF] Papanicolaou | Textile reinforced mortar (TRM) versus FRP as strengthening material of URM walls: in-plane cyclic loading[END_REF][START_REF] Maalej | Engineered cementitious composites for effective strengthening of unreinforced masonry walls[END_REF]Papanicolaou et al., 2011). found that the presence of the deep mounted CFRP strips serving as out-of-plane reinforcement did not affect the in-plane strength of masonry wallettes loaded under shear, however, they prevented the disintegration of the panel after reaching the failure load. [START_REF] Bui | Shear behaviour of masonry walls strengthened by external bonded FRP and TRC[END_REF] carried out and experimental study to investigate the in-plane behavior of hollow concrete masonry walls subjected to monotonic lateral loading. Six walls were constructed one which one was tested as build, one was wall was CFRP reinforced, another was GFRP reinforced and the remaining two were strengthened with textile-reinforced concrete (TRC). In an attempt to improve the efficiency of the strengthening retrofits, the composite strips were mechanically anchored into the foundations of the walls. All of the walls subjected to a constant magnitude compressive force. Test results highlighted that the mechanical anchor systems play an important role in improving the behavior of reinforced walls by either FRP or TRC and that the solutions for strengthening by TRC permit the upgrade of the walls' ductility with a lower strength compared with the solutions with FRP. [START_REF] Reboul | Experimental study of the in-plane cyclic behaviour of masonry walls strengthened by composite materials[END_REF] conducted an experimental program in order to characterize in-plane behavior of masonry wall subjected to reverse cyclic horizontal loading until failure. Test specimens were also subjected to a constant magnitude axial compressive force. A series of five walls were built, including one reference wall and four walls reinforced with externally bonded composites that are either FRP-composites (fiber reinforced polymer) or TRC-composites (textile reinforced mortar). The experimental results

underlined the benefits of using externally bonded composite materials both in terms of lateral load and ductility. Depending on the adopted reinforcement ratios, the increase in lateral capacity brought by FRPs ranges from 128 to 267% and the gain provided by TRCs ranges from 87 to 262%. In addition to that, it was observed that TRC strengthening materials contribute more effectively to an increase in ductility than FRP-composites, but FRPreinforcements have proved to be effective in delaying the onset of damage.

In addition to that, experimental studies have been carried out on TRM strengthened masonry infilled frame. Consequently, this method has been proven to be effective for the strengthening of masonry structures Koutas et al., (2015) performed cyclic tests of a 2/3 scale, non-seismically designed three-storey masonry infilled RC frame strengthened using TRM. The study aimed at achieving a more ductile failure mechanism with a regular displacement demand along the full frame height. The strengthening technique consisted of applying two layers of glass TRM (G-TRM) in the first story and one layer in the remaining two storeys. In addition to that, the ends of the columns were wrapped with TRM to prevent them from failing in shear and the TRM was anchored along the perimeter of the infill in an attempt to delay debonding.

Test results indicated an increase in the lateral strength and initial stiffness of the retrofitted specimen with an enhanced deformation capacity. It was also observed that the TRM retrofit successfully confined the infill wall and allowed it to maintain full integrity up to large levels of lateral displacement. Finally, shear damage in columns was successfully prevented and debonding of the TRM was delayed due to the presence of anchors. [START_REF] Selim | Behavior of RC frames with infill walls strengthened by cement based composites[END_REF] conducted an experimental study on tested two non-seismically designed 1/3-scale infilled RC frames. One frame was tested as a reference and the other one was retrofitted with G-TRM. The retrofit consisted of two layers of TRM on each face of the infill wall, extended onto the columns and using five fabric anchors applied through the infill.

TRM jacketing of the infill prevented crushing of the bricks and demonstrated contribution in tension that was due to an increased diagonal cracking and an improved ductility. [START_REF] Ismail | Quasi-static in-plane testing of FRCM strengthened nonductile reinforced concrete frames with masonry infills[END_REF] performed cyclic tests on nine 2/3-scaled one-bay, one-storey masonry infilled frames. There different types of fiber grids were used (carbon, basalt, and glass) with three different TRM layouts, including an orthogonal full-surface application and two diagonal band configurations with varying width (one-sixth and one-third of the diagonal length of the infill). For the diagonal application, the effect of three different fiber materials was evaluated, while the orthogonal application employed Basalt TRM (B-TRM) only. Test result indicated that FRCM strengthened test frames exhibited a controlled failure mode characterized by distributed cracking in the FRCM matrix, without any signs of fiber slippage/rupture or deboning noted during the testing. Separation at the panel-frame interface in FRCM strengthened frames was noted at a lateral drift of 0.4-0.6%. Although carbon fabric had the highest tensile strength per running meter, the carbon-FRCM strengthened specimens exhibited the lowest load carrying capacity when compared to basalt-FRCM and glass-FRCM.

Basalt-FRCM was found to perform the best. The lateral strength of FRCM strengthened test frames was noted to range from 1.2 to 2.0 times the strength of the control infill frame. It can be noted that basalt-FRCM was the best retrofit solution in terms of increasing the strength.

Basalt FRCM strengthened frames achieved 99% increase in strength as compared with the unstrengthened specimen, while carbon and glass-FRCM only achieved 40% and 32%, respectively. Experimental results also suggested that increasing the width of diagonal FRCM band beyond one-sixth of the diagonal length has minimal effect on the lateral strength of retrofitted test frames, whereas similar behavior was noted from test frame strengthened with full face application and those strengthened using diagonal band with width equal to one-sixth of the diagonal length of the masonry infill.

Other strengthening techniques have been also proposed by researchers to reduce the thickness of the strengthening overlays applied onto the surface of the masonry infill. Several have suggested the use of steel reinforced fibers (Altin at al., 2010;Korkmaz et al., 2010) and others introduced the use of Engineered Cementitious Composite (ECC) elements, which are defined as mortars combined with short composite fibers [START_REF] Koutromanos | Shake-table tests of a 3story masonry-infilled RC frame retrofitted with composite materials[END_REF][START_REF] Kyriakides | Cyclic response of nonductile reinforced concrete frames with unreinforced masonry infills retrofitted with engineered cementitious composites[END_REF]. [START_REF] Acun | Strengthening of Masonry Infill Walls in Reinforced Concrete Frames with Wire Mesh Reinforcement[END_REF] investigated the use of wire mesh and cover mortar reinforcement in the external strengthening of masonry infill walls in reinforced concrete frames that are designed and constructed in a past practice in engineering. The typical result of strengthening of infill walls was clarified in this experiment, which is an increase in stiffness and lateral load capacity of the whole frame. Moreover, this strengthening technique's implementation characteristics are economical and causing negligible disturbance to the inhabitants. Korkmaz et al., (2010) studied how a non-ductile infilled reinforced concrete frame behaves when strengthened with external mesh reinforcement and a composite made of plaster.

The analysis of the tested specimens in terms of strength and stiffness, varied in the presence of infills, the thickness of the strengthening plaster, and the lap splicing. Test results indicated that the induction of a thick external mesh reinforced infill exhibited an increase in the strength, stiffness and external drift.

Yaman and Canbay (2014) investigated the strengthening of masonry infilled reinforced concrete frames with steel fiber reinforced mortar (SFRM). The experimental program involved the use of brick masonry walls strengthened with a high strength mortar having steel fibers inducted within (20mm thick, 2% SFRM), resulting in a technique that embraces feasibility, effectiveness, and price simultaneously without disturbing the inhabitants, with a higher lateral load capacity and a delaying of the early out of place failure, making the infill walls better load carrying systems. [START_REF] Dehghani | Engineered cementitious composites for strengthening masonry infilled reinforced concrete frames[END_REF] investigated the behavior of RC infilled frames strengthened with fiber reinforced cementitious composites (ECC). Test results showed that the proposed method of strengthening improved the lateral load carrying capacity, the lateral stiffness, and the cumulative dissipated energy of the infilled RC frames. In addition to that, the presence of ECC overlay system prevented brittle failure modes and no premature debonding failure was observed. [START_REF] Facconi | Response of infilled RC frames retrofitted with a cementitious fiber-mesh reinforced coating in moderate seismicity areas[END_REF] investigated the use of cement based composite materials.

Engineered Cementitious Composites (ECC) showed an increase in the overall ductility of the building along with keeping its elastic behavior during earthquakes, and a higher lateral stiffness making it a better lateral load carrying system.

During the past two decades, a new technique of applying precast concrete units over the infill has been investigated by several researchers and was deemed as an effective, occupant friendly, economical, and rapid seismic strengthening method. The idea was to convert the existing nonstructural hollow block infill wall into a lateral load carrying system acting as a cast in-place concrete shear wall, by bonding relatively thin high strength precast concrete panels to the plastered hollow block infills by epoxy mortar and making them behave as a composite system. [START_REF] Duvarci | Seismic strengthening of reinforced concrete frames with precast concrete panels[END_REF] conducted an experimental study on three 1/3 scale, one bay, two-story hollow clay brick infilled RC frames. The frame was subjected to a reversed lateral cyclic loading, in addition to axial load applied on the top of columns. One brick infilled frame was tested as a reference and two specimens where strengthened by two types of precast panels (rectangular and strip shaped). The panels were bonded onto the masonry wall using epoxy mortar. Rectangular shaped panels were placed in three rows and four columns over the infill wall, while stripped panels extended from bottom to top and placed next to each other. Both panel types had extrusions called shear keys. The panel-to-frame connections were provided by anchorage dowels, while the panel-to-panel connections were realized by welding the panel reinforcements on the edges. The panel-to-panel and panel-to-frame joints were filled with Epoxy mortar. Test results revealed that the presence of bonded precast panels over the masonry wall considerably improved the behavior of the structure. The lateral strength improved by 2.4 to 2.6 times as compared with the reference frame, while the initial stiffness and energy dissipation capacity increased by about three times. It was concluded that the presence of shear keys and epoxy mortar rendered the behavior of the strengthened frames close to that of a shear wall cast monolithically. It was observed that the shape of the panels did not affect the strengthening results significantly.

Susoy ( 2004) tested eight 1/3 scale, one-bay, one-story brick infilled RC concrete frames under the effect of constant axial loads and reversed cyclic lateral loading. All specimens were plastered on both sides of the infill walls. In order to strengthen the frames against lateral loads, epoxy mortar was used for bonding high strength precast panels on the masonry infill walls in all specimens, except for two reference specimens. Different parameters were investigated such as: panel geometry (square vs. full vertical strip); panel-to-panel connection;

panel-to-frame connection; inadequacy of lap splicing in column vertical bars; and varying column axial force levels. Based on test results, the lateral strength of the strengthened specimens was 2.5 times and the initial lateral stiffness was 3.3 times the corresponding value of the reference specimen. It was also concluded that the presence of shear keys and welded connections came to be redundant, and that epoxy mortar successfully provided the panel-topanel connection strength and was recommended to be used in future studies. It was observed that the lateral strength of the rehabilitated specimens was affected by the reducing the level of axial forces and by the presence of inadequate lap splice length for column vertical bars. Finally, it was also reported that test results of one story one span frames came in good agreement with those of two-storey one span frames and may be used in future studies as they are simpler and cheaper to prepare and test. [START_REF] Baran | Precast concrete panel reinforced infill walls for seismic strengthening of reinforced frame structures[END_REF] conducted an experimental study on fourteen 1/3 scale, single span, twostory brick infilled RC frames with plastering applied on both sides of the Infill walls. Two specimens were tested as reference ones, and the twelve were strengthened using six different types of precast panels. Precast panels were 2 cm thick, and were bonded onto the plastered wall using epoxy mortar. The application of interior or exterior panel layout was also investigated. Four types of panels were used for the interior side bonding, while two types were used for the exterior side bonding. Based on test results, it was concluded that the proposed strengthening technique improved the seismic behavior of the frames by 2.5 times in terms of lateral load carrying capacity, 3 times in terms of lateral rigidity, 2 times in terms of ductility, and 3 times in terms of cumulative energy dissipation with respect to the reference specimen.

It was also observed that epoxy mortar successfully provided panel-to-panel connection strength. Subsequently, providing shear keys or welded connections may be omitted in future studies. Finally, it was mentioned that panel-to-frame connection provided through anchorage bars on all four sides of the infill was shown to have a significant effect on the structural behavior.

Okuyucu and Tankut (2009) investigated the effect of panel concrete strength on the seismic behavior of five 1/3 scale, one bay, one story brick masonry infilled RC frames.

Rectangular and strip shape panels were produced with concrete having a compressive strength of 30 MPa and 50 MPa. The panel were bonded on the brick infill walls of four test specimens using epoxy mortar. Dowels were used to provide panel-to-frame connections. Tests were conducted under the effect of reversed cyclic lateral load with column being subjected to a constant axial force. Upon evaluation of test results, it was observed that lateral strength and stiffness of the strengthened specimens improved as a result of using precast concrete panels.

The panel concrete strength was shown to have more effect on the behavior of specimens strengthened with rectangular panels as compared to those strengthened with strip panels.in addition to that, the strength of concrete had an impact on the initial stiffness. Frames strengthened with panels that had lower concrete strength, had smaller lateral load carrying capacity and initial stiffness, but exhibited higher ductility and total energy dissipation when compared to frames strengthened with precast panels having higher concrete compressive strength. However, the authors stated that higher energy dissipation is the result of larger displacements, therefore it should not be misinterpreted. [START_REF] Baran | Seismic strengthening of reinforced concrete frames by precast concrete panels[END_REF] conducted an experimental study on eleven 1/3 scale, one story, one span masonry infilled frames plastered on both sides and strengthened using four different types of precast panels. Panels were bonded on the plastered infill wall using epoxy mortar. Test specimens were subjected to reversed cyclic lateral load. Panel shape and panel-to-panel connections were the major variables during their study. Bonding Precast panel onto the whole surface of the infill panel increased in the lateral load carrying capacity between 2.27 to 3.96 times, the initial stiffness between 2.66 and 5.48 times, and the energy dissipation capacity between 1.47 and 2.72 times in comparison to the reference specimen. Once more, it was shown that epoxy mortar can successfully provide panel-to-panel strength, hence this eliminates the necessity to provide neither shear keys nor welded connections. Finally, it was also reported that test results of one story one span frames came in good agreement with those of two-storey one span frames, and may be used in future studies as they are simpler and cheaper to prepare and test.

Okuyucu (2011) investigated the seismic performance of fifteen, 1/3 scale, one span, two-storey RC frames produced in three different aspect ratios. The frames were tested under the effect of reversed cyclic lateral load with a constant axial force applied on the top of the columns. One masonry infilled frame was tested as a lower bound reference specimen, and one cast in-place RC infilled frame was tested as an upper bound reference specimen. As for the strengthening technique, precast concrete panels were produced in two different geometric shapes (rectangular and full height strip) and were bonded onto the plastered walls using epoxy mortar. Based on test results, it was concluded that the seismic behavior of the strengthened specimens was significantly improved following their proposed strengthening method.

Irrespective of the frame aspect ratio, the lateral load carrying capacity was 2.1 times the corresponding value of the hollow brick infilled frame. On the other hand, the peak lateral strength of the upper bound reference specimen was 2.2 times the corresponding value of the lower bound infilled frame. Additionally, both lateral stiffness and energy dissipation capacity had increased comparably for the case of either PC strengthened infilled frames, or RC cast inplace infilled frame. Therefore, it was concluded that the seismic performance of PC strengthened specimens came to be almost similar to that of a cast-in-place RC infilled frame for all series.

Akin and Sezer (2016) tested six, 1/2 scale single span, two-storey hollow brick infilled RC frames under the effect of reversed cyclic lateral load. Infill walls were plastered on both sides in all six test specimens. One as-built infilled frame was tested as a reference specimen, while the remaining five were strengthened by bonding 20 mm thick precast concrete panels onto the plastered wall by means of high strength epoxy mortar. The main variable of their study was the shape of panels. Test results came in line with all previous studies that investigated the seismic behavior of infilled frames using that technique; the panel geometry did not have significant effect on test results.

Akoyulu and Sezer (2018) tested four, 1/3 scale single span, two storey hollow brick infilled RC frames plastered on both sides. Unlike all previous studies related to bonding PC plates onto plastered infill walls, the authors decided to partially cover the infill panel by proposing three different strengthening layouts. Their proposed strengthening technique consisted of the following:

PC strips bonded onto one of the diagonals of the plastered infill wall.

PC strips bonded onto the plastered infill wall by forming a central V-shape.

PC strips bonded onto the plastered infill wall by forming a central reverse V-shape.

Based on test results, the lateral load carrying capacity of the strengthened specimens has increased by 1.7 to 1.9 times. The highest results were achieved for the specimen strengthened with PC strips bonded onto one of the diagonals. In addition to that, lateral rigidity and energy dissipation capacities were also improved in comparison with the unstrengthened specimen. It was observed that the use of this new strengthening method delayed the crushing of the corner area. Performance Fiber Reinforced Concrete (UHPFRC), is a novel material that was developed in France back in the early 1990s. It is classified as an advanced cementitious composite material with discontinues fiber reinforcements and characterized with high strength, durability, ductility and toughness [START_REF] Shi | A review on ultra high performance concrete: Part I. Raw materials and mixture design[END_REF][START_REF] Tayeh | Utilization of Ultra-high Performance Fibre Concrete (UHPFC) for Rehabilitation -A Review[END_REF]. Normally, the term UHPC is used to describe a fiber reinforced, superplasticized, silica fume-cement mixture with a very low water to cement ratio (W/C), characterized by the presence of a very fine quartz sand that ranges from 0.15-0.60 mm in diameter, instead of the ordinary aggregate. Figure 1-32 shows that Fiber reinforced UHPC can be regarded as a combination of three concrete technologies of selfcompacting concrete (SCC), fiber reinforced concrete (FRC) and high-performance concrete (HPC) [START_REF] Torregrosa | Dosage optimization and bolted connections for UHPFRC ties[END_REF]. , 2002). In parallel to the compressive strength, the tensile strength is one of the critical properties of UHPC in structural design and analysis. Plain UHPC (without any fiber reinforcements) still exhibits explosive failure in compression and brittle failure in tension. Subsequently, the addition of steel fibers greatly improves the ductility and fracture energy of UHPC by several orders of magnitude [START_REF] Wille | Strain-hardening UHP-FRC with low fiber contents[END_REF][START_REF] Xu | Fracture Energy of UHP-FRC under Direct Tensile Loading Applied at Low Strain Rates[END_REF]. UHPC elements have clearly proven that they exhibit sustained post-cracking tensile strength far exceeding those expected from normal fiber-reinforced concretes based on small-scale laboratory tests [START_REF] Graybeal | Material Property Characterization of Ultra-High Performance Concrete[END_REF].

UHPC Principles and Composition

(a) UHPC Production Principles

Over the past two decades of concrete remarkable advances, many researchers have developed UHPC up to a level where they are ready for applications. The compressive strength for designed UHPC could reach up to 200 MPa. The basic idea of producing a concrete with a very high strength and dense microstructure had already been put forward in the 1980s [START_REF] Bache | Densified cement ultra-fine particle-based materials[END_REF]. However, the practical breakthrough came after the development of efficient SP that enabled the production of easy flowing concrete with a high proportion of optimally packed ultrafine particles to minimize the composite porosity using extremely low W/B.

According to [START_REF] Azmee | Ultra-high performance concrete: From fundamental to applications[END_REF], several researchers have identified the basic principle in designing UHPC, which can be summarized as follows:

Minimizing composite porosity by optimizing the granular mixture through a wide distribution of powder size classes and reducing the W/B.

Enhancement of the microstructure by the post set heat treatment to speed up the pozzolanic reaction of SF and to increase mechanical properties.

Improvement of homogeneity by eliminating coarse aggregate resulting in a decrease in the mechanical effects of heterogeneity.

Increase in ductile behavior by adding adequate volume fraction of small steel fibers.

Application of the first four principles leads to a concrete with a very high compressive strength and the addition of the steel fibers helps to improve both tensile strength and ductility of the concrete [START_REF] Richard | Composition of reactive powder concretes[END_REF].

(b) UHPC Mixture Composition

High packing density of a particle mixture is the key characteristic to achieve a very dense microstructure of UHPC, and thus, carefully tailoring the particle sizes and gradations of all of its constituents is extremely essential [START_REF] Brouwers | Self-Compacting Concrete: Theoretical and Experimental Study[END_REF][START_REF] Pyo | Characteristics of Ultra High Performance Concrete Subjected to Dynamic Loading[END_REF][START_REF] Sohn | The effect of particle size distribution on packing density[END_REF][START_REF] Yu | Mix design and properties assessment of Ultra-High Performance Fibre Reinforced Concrete (UHPFRC)[END_REF]. UHPC is often composed of Portland cement, silica fume, quartz flour, fine quartz sand, high-range water reducing admixture (known as superplasticizer), water, steel fiber, etc. Very high amounts of cementitious materials and fine sands and very low water-to-cementitious material (w/cm) ratios are used to produce UHPC, and thus a high dosage of high-range water reducing admixtures (HRWRA or superplasticizer) is used to achieve sufficient rheological properties. Micro-scale silica fume is employed to increase density as a filler between cement and fine sands and to improve hydration products as well. Coarse aggregate is fully eliminated from UHPC to facilitate the dense microstructure and improves homogeneity. By bridging the cracks and resisting the crack opening, steel fibers are responsible to enhance tension and bending strength and provide excellent post-cracking ductility instead of brittle failure. A typical range of UHPC mix design is illustrated in Figure 1-33 [START_REF] Voort | Design and field testing of tapered H-shaped Ultra High Performance Concrete piles[END_REF]. From the figure, it can be observed that high volume of cement content, SF, and sand are normally used in UHPC. Performance Concrete (UHPC) stands as a novel construction material which exhibits excellent durability and mechanical performance with very high compressive strength and non-brittle behavior. Adding high-strength steel fibers to the UHPC is expected to yield unique structures in the near future [START_REF] Abbas | Ultra-High Performance Concrete: Mechanical Performance, Durability, Sustainability and Implementation Challenges[END_REF]. Likewise, it offers the potential to become a practical solution to improve the sustainability of buildings and other infrastructure components, as UHPC prospective applications is not only limited to bridges and tall structures, but it can also be further expanded to include rehabilitation works of structural and non-structural elements.

For instance, A new type of ecofriendly Ultra-High Performance glass concrete (UHPGC) was developed at the University of Sherbrooke by [START_REF] Mousa | Tensile Characterization of an "Eco-Friendly" UHPFRC with Waste Glass Powder and Glass Sand[END_REF], using waste glass with varying particle-size distributions (PSD). Based on their test results it was possible to obtain a strain-hardening composite with compressive strength higher than 150 MPa, also exploiting the favorable alignment of the fibers, and hence to produce an Ultra-High Performance Fiber Reinforced Cementitious Composite (UHPFRCC) with significant sustainable signature, employing considerable amounts of waste material as cement and natural aggregate replacement [START_REF] Mousa | Tensile Characterization of an "Eco-Friendly" UHPFRC with Waste Glass Powder and Glass Sand[END_REF].

Due to the enhanced mechanical properties and ultra-high strength of this material, structural elements made using UHPC may have reduced cross-sectional dimensions, and hence, lighter weight. Therefore, UHPC can be effectively utilized in the precast concrete industry [START_REF] Tang | High performance concrete-past, present and future[END_REF][START_REF] Schmidt | Ultra-High performance concrete: research development and application in Europe[END_REF][START_REF] Abbas | Ultra-High Performance Concrete: Mechanical Performance, Durability, Sustainability and Implementation Challenges[END_REF].

Over the past years, many studies have been conducted to assess the flexural and shear behavior of either RC beams [START_REF] Alaee | Retrofitting of reinforced concrete beams with CARDIFRC[END_REF][START_REF] Martinola | Strengthening and repair of RC beams with fiber reinforced concrete[END_REF][START_REF] Noshiravani | Experimental investigation on reinforced ultra-high performance fiber reinforced concrete composite beams subjected to combined bending and shear[END_REF][START_REF] Chalioris | Behaviour of rehabilitated RC beams with self-compacting concrete jacketing-analytical model and test results[END_REF][START_REF] Ruano | Numerical modeling of reinforced concrete beams repaired and strengthened with SFRC[END_REF][START_REF] Lampropoulos | Strengthening of reinforced concrete beams using-ultra high performance fibre reinforced concrete (UHPFRC)[END_REF][START_REF] Al-Osta | Flexural behavior of reinforced concrete beams strengthened with ultra-high performance fiber reinforced concrete[END_REF], or damaged RC beams [START_REF] Farhat | High performance fibre-reinforced cementitious composite (CARDIFRC)-performance and application to retrofitting[END_REF]Georges et al., 2020) strengthened with different UHPC patterns. In addition to that, the structural behavior of composite beams and slabs retrofitted using UHPC was also investigated by Bastiien-Masse and Brühwiler (2014). It was concluded that the UHPC strengthening technique has significantly improved the structural response of the retrofitted elements.

However, to the knowledge of the author, no previous work has been carried out, to date, that assesses the lateral cyclic behavior of masonry infilled RC frame strengthened using UHPC material. Therefore, the intent of this research is to investigate the effectiveness of bonding precast UHPC plates onto masonry substrates by means of high strength epoxy mortar, as a seismic retrofitting technique for masonry infilled RC frame structures.

UHPC strengthening system offers many advantages over other available methods. Due to its exceptional mechanical properties, UHPC can be precast into thin strips or randomly shaped plates, resulting in lightweight structural members easily handled on site. Although the same advantage is equally provided by FRP, however, UHPC offers in-plane bidirectional strength resistance as well as out-of-plane bending stiffness as opposed to only unidirectional properties parallel to the direction of the fibers in the case of FRP. Another major difference between both systems is the unmatched ultra-high compressive strength of UHPC. Unlike the case of FRP retrofit, this will enhance the compressive strength of the loaded diagonal which may improve the overall response of the system.

Debonding is a common failure mode associated with FRP strengthening system. In tests where debonding was observed, debonding of the FRP from the masonry occurred through a thin layer of masonry underneath the externally bonded FRP [START_REF] Valluzzi | Shear behaviour of masonry panels strengthened by FRP laminates[END_REF]Maria et al., 2006;[START_REF] Marcari | In-plane shear performance of masonry panels strengthened with FRP[END_REF]. Debonding generally originated at the crack openings and propagated, along the strips, away from the cracks [START_REF] Marcari | In-plane shear performance of masonry panels strengthened with FRP[END_REF]. When the FRP was not anchored, debonding usually resulted in brittle failure with a sudden decrease in wall loadcarrying capacity [START_REF] Valluzzi | Shear behaviour of masonry panels strengthened by FRP laminates[END_REF][START_REF] Marshall | In-plane shear performance of masonry walls strengthened with FRP[END_REF]Maria et al., 2006). This failure mode could be eliminated in the case of UHPC due to the fact that, depending on the strip/plate length and the strengthening configuration, several UHPC strips/plates are bonded next to each. This create several joints between UHPC which are then filled with epoxy mortar.

Bonding UHPC onto the masonry substrate using epoxy mortar ensures a monolithic action between both substrates, yet the presence of epoxy filled joints creates weaker zones through which cracking could form without jeopardizing the bond. Consequently, this may lead to a ductile mode of failure with improved energy dissipation capacity due to cracks opening and closing.

UHPC strips bonding technique also exhibits some advantages over the FRCM method.

The performance of TRM retrofit system is highly dependent on their tensile strength and bond strength. In several cases debonding of TRM was observed and anchorage into surrounding frame elements had to be provided in order to delay or prevent TRM detachment from the surface of the masonry [START_REF] Da Porto | Effectiveness of plasters and textile reinforced mortars for strengthening clay masonry infill walls subjected to combined in-plane/out-of-plane actions[END_REF]. Another drawback is related to the inability of the inorganic matrix to fully penetrate between the filaments that constitute the fabric yarns, because the cement grain size is relatively large compared to the space among the filaments, this may reduce the bond between the fabric and the matrix. Similar to FRP, TRM mainly contributes towards resisting the applied lateral force through tension strut mechanism rather than resisting high compression forces along the loaded diagonal.

Although previous studies were conducted to examine the influence of bonding precast concrete plates onto infill panels by means of epoxy mortar [START_REF] Baran | Precast concrete panel reinforced infill walls for seismic strengthening of reinforced frame structures[END_REF]Akoyulu and Sezer, 2018), they were conducted on 1/3 scaled two-storey, one-bay frames, while precast strengthening plates were cast with normal strength concrete and reinforced with conventional steel bars. Moreover, the precast plates were relatively thick for such scaled down test frames and were bonded onto the plaster overlay rather than directly on the masonry substrate which makes the efficiency of that strengthening technique highly dependent on the bond strength of the masonry-plaster interface. Thus, the novelty of the rehabilitation technique proposed in this research is to bond fiber reinforced Ultra-High Performance Concrete (UHPFRC) directly onto the masonry substrate, while at the same time, the enhanced mechanical properties of UHPFRC offers the advantage of fabricating precast plates having reduced thicknesses compared to those found in the literature.

Research Objective

The experimental program in this research is essentially focused on the seismic response of masonry infilled reinforced concrete frames strengthened using Ultra-High Performance Concrete (UHPC) precast plates, bonded onto the masonry wall by means of high strength epoxy mortar. However, emphasis is also given to understand the in-plane shear behavior of masonry, which has a significant effect on the behavior of this type of structures.

An extensive experimental program was undertaken, which involved in-plane diagonal compression tests of twenty three masonry wallettes, as well as in-plane lateral cyclic tests of four 1/2 scale one-bay, one-storey masonry infilled RC frames.

The main objectives of this research, which are grouped in two categories, may be summarized as follows:

Diagonal tension test of masonry wallettes:

To characterize the in-plane shear strength of masonry wallettes strengthened using different UHPC diagonal strip schemes.

To evaluate the effect of the width of the UHPC diagonal strips on the in-plane shear behavior of masonry.

To assess the effect of the thickness of the UHPC diagonal strips on the in-plane shear behavior of masonry.

To identify an optimal UHPC diagonal strip width beyond which in-plane shear strength gain increment becomes minimal.

Lateral cyclic load test of infilled frames:

To validate diagonal tension test results with lateral cyclic load test.

To evaluate the effect of UHPC plate width on the lateral response of strengthened test frames.

To assess the effectiveness of the proposed strengthening rehabilitation technique by comparing test results with those of a tested CFRP strengthened specimen.

Organization

Organized in four chapters, this dissertation aims at investigating the in-plane behavior of masonry infilled RC frames strengthened using Ultra-High Performance Concrete (UHPC)

precast plates; diagonally bonded onto the masonry substrate by means of high strength epoxy mortar:

Chapter 2 reports the experimental research on URM wallettes subjected to in-plane diagonal compression. Two types of concrete masonry units, CMU-1 and CMU-2, were used in this study to construct a total of 23 masonry wallettes. Seven SET-A wallettes were constructed using CMU-1, while sixteen SET-B wallettes were constructed using CMU-2. The study presented in this chapter was undertaken to examine the effect of using Ultra-High Performance Concrete (UHPC) retrofit on the in-plane shear response of unreinforced concrete masonry walls (URM 

Chapter 2 Diagonal Tension Tests of Concrete Masonry Wallettes Strengthened Using

Ultra-High Performance Concrete (UHPC) Precast Plates

The intent of this study is to characterize the in-plane shear behavior of URM wallettes strengthened using Ultra-High Performance Concrete (UHPC) precast strips bonded onto the masonry substrate by means of high strength epoxy mortar.

Prediction of the Shear Strength of Masonry

Shear Test Procedures

The adequate evaluation of shear strength is required for the design of masonry panels when they are subjected to lateral loads induced by wind and earthquakes. Shear stresses are usually combined with compressive stresses produced by gravity loads or other actions.

Consequently, the case of pure shear has no practical application and the shear strength of masonry is investigated considering the effect of compressive stresses in the direction normal to the bed joints, as shown in Figure 1-1. Furthermore, it is worth noting that the parameters measured during this test represent the behavior the bed joints rather than the entire masonry wall. Alternatively, Figure 2-4 depicts additional methods that have been frequently used to experimentally investigate the shear strength of masonry. Figure 2-4a represents a small masonry panel subjected to a compressive load. However, the angle θ between the orientation of the bed joints and the applied load is different from 90 . The general failure mechanism of masonry has been studied using this method, and it provides a good technique to examine the strength of masonry panels in infilled frames (Hamid and Drysdale, 1982;Qinglin and Wenzong, 1986;Shrive, 1991). Furthermore, Figure 2-4b illustrates a testing procedure in which the masonry panel is subjected to a diagonal compressive load. As reported by Crisafully (1997), several researches have called this method "tensile splitting test", and that the conditions in this test resemble those that usually happen in masonry infilled frames subjected to lateral loads. where flexural cracking inhibited (Paulay and Priestly, 1992). Several factors come into play when selecting the testing method, such as available lab facilities, cost of the tests, number of specimens to be tested, objective of the investigation, type of load to apply, etc. the geometry of the panel, the support conditions and the load application procedure may all influence the stress state induced in the masonry panel. Consequently, these factors must be carefully examined when comparing results of various types of shear test (Crisafully, 1997).

In order to evaluate the in-plane shear strength of masonry, the attention is focused on the diagonal compression test in this experimental study. Such test offers three main advantages: the versatility of application to different typologies of masonry; the capability of providing "mean" mechanical parameters representative of the whole masonry; and the on-site performability [START_REF] Calderini | The use of the diagonal compression test to identify the shear mechanical parameters of masonry[END_REF]. However, it is essential to point out that this type of test does not reveal all the failure modes of masonry walls. For example, the rocking/crushing mechanism cannot be evaluated (Bori et al., 2011). For the evaluation of those mechanisms, other experimental procedures, such as the one used by [START_REF] Vasconcelos | Experimental characterization of stone masonry in shear and compression[END_REF] or Pinho et al. ( 2011) must be carried out.

In the diagonal compression test, a square masonry panel is subjected to a compressive force P applied on its diagonal. The collapse of the panel is usually associated with the development of a crack starting from its center. Following the Analysis of the stress field resulting from the applied diagonal compressive load, it can be deducted that the applied load does not lead to a state of pure shear, but to a non-uniform shear stress field. For this reason, it is possible to refer to the elastic linear solution of a plane isotropic continuum loaded by two forces in the corners. Such theoretical problem was studied by [START_REF] Frocht | Recent advances in photoelasticity[END_REF] by means of analytical methods and photo-elasticity analysis, and was reproduced numerically by [START_REF] Brignola | Identification of shear parameters of masonry panels through the in-situ diagonal compression test[END_REF] through finite element method. According to [START_REF] Brignola | Identification of shear parameters of masonry panels through the in-situ diagonal compression test[END_REF], outcomes of both analytical and numerical methods converged into similar results with a maximum error of 3%.

Based on the theoretical evaluation of Foch (1931), and the finite element solution presented by [START_REF] Yokel | Failure hypothesis of masonry shear walls[END_REF] and [START_REF] Brignola | Identification of shear parameters of masonry panels through the in-situ diagonal compression test[END_REF], the linear elastic solution considering homogeneous isotropic continuum provided the following stress state at the center of a masonry panel subjected to diagonal compression only, σx = σy = -0.56P/A; τxy = 1.05P/A.

This corresponds to a ratio σI/σII = 0.3, while the loading direction angle was being always kept at 45°. The resulting stress state at the center of the panel is presented in Figure 2-5. The actual value of the masonry tensile strength, fdt, shall be computed as: fdt = σI = 0.50P/A; and the principle compressive stress, σII = -1.62P/A, where A is the transversal area of the panel and P is the diagonal compression load assumed as positive.

In the standard interpretation of the test, the diagonal tensile strength of masonry fdt is obtained by assuming that the panel collapses when the principal tensile stress σI at its center attains its maximum value. [START_REF] Brignola | Identification of shear parameters of masonry panels through the in-situ diagonal compression test[END_REF] has recently demonstrated that this interpretation of the test is reliable and that, in non-linear range, the stress redistribution occurring in the panel does not affect the value of σI computed with the elastic solution.

It is worth mentioning that there exists two widely used international standards for the interpretation of the diagonal test results, RILEM TC 76-LUM (1994) and ASTM E519 ( 2015 (2009), the values of stresses in the center are quite independent of the orthotropy, in particular the principal tensile stress. This is an important result, as the center of the panel was taken into account as a reference point for diagonal cracking and the value of principal tensile stress at this point is assumed as tensile strength of masonry. 

Shear Failure Theories

Over the past decades, and driven by the fact that masonry has been one of the widely used construction materials, especially in seismic prone regions, several researches have attempted to propose failure theories, in order to predict the shear strength and to interpret the behavior of masonry material. The usual assumptions for homogeneous materials cannot be blindly applied to masonry, because of the composite nature of masonry which may initiate individual failure of any of its constituent materials.

The behavior of masonry is characterized by two important effects: the fragile response of the masonry units in tension and the weakness introduced by the mortar joints. Therefore, the modes of failure result from the combination of diagonal tension cracks crossing the blocks and debonding along the block-mortar interfaces. Based on experimental results [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF][START_REF] Silva | Monte Carlo simulation for validating the in-plane shear capacity of URM walls strengthened with GFRP grid reinforced polyurea[END_REF][START_REF] Petersen | In-plane shear behavior of unreinforced masonry panels strengthened with fiber reinforced polymer strips[END_REF]Babaeidarabad et al., 2013;Babaeidarabad et al., 2014) and supported by the observed post-earthquake damage in complex masonry walls, it was possible to identify four probable failure modes for URM walls, which are listed as follows:

shear sliding, shear friction, diagonal tension, and compression failure, which are shown in smaller value of this coefficient, = 0.3, to be used for design purposes and that the shear bond strength 0 be considered as 3% of the masonry compressive strength, f'm. Mann and Muller (1982) developed a failure theory in order to describe the response of masonry subjected to shear and compressive stresses based on equilibrium conditions. It was assumed that the shear stress, , and the axial compressive stress, n, are uniformly distributed in the masonry panel, as shown in Figure 2-7a; therefore, they represent an average value of the stresses. Additionally, it was also assumed that the stress acting on the direction parallel to the bed joint, p, is small enough to be neglected and that the head joints do not transfer any shear stresses. This assumption may be regarded as a valid hypothesis due to the fact head joints are usually improperly filled with mortar, thus, they do not sustain perpendicular stresses, p.

Furthermore, under poor curing condition, the shrinkage of the mortar leads to reduction of the bond strength between mortar and blocks. This was also signaled by other researches as reported by Crisafully (1997).

According to Mann and Muller (1982), each individual masonry unit is subjected to a torque caused by the shear stresses in the bed joints. This toque must be equilibrated by a uniformly distributed vertical couple, as shown in Figure 2 In his theory, Mann and Muller (1982) assumed that the maximum shear stress in a block, max, at the center of the brick is 2.3 times the nominal shear stress, . This assumption was aslo revised by [START_REF] Crisafulli | Shear strength of unreinforced masonry panels[END_REF], and the ratio of the maximum shear stress in a block, max, to the nominal shear stress, was re-evaluated on the basis that the increase of the shear stress is inversly proportional to the reduction of the effective area across the vertical section of the panel. [START_REF] Crisafulli | Shear strength of unreinforced masonry panels[END_REF] suggested a value of 2.0 for the max/ ratio.

According to [START_REF] Crisafulli | Shear strength of unreinforced masonry panels[END_REF], the assumptions adopted by Mann and Muller (1982) concerning the uniform distribution of normal stresses and the values of the maximum shear stress lead to rather concervative evaluation of the shear strength of masonry.

The shear failure theory developped by Mann and Muller (1982) and the modification proposed by [START_REF] Crisafulli | Shear strength of unreinforced masonry panels[END_REF] lead to a conservative evaluation of the actual strength of masonry panels because no contribution of head joints was taken into consideration.

It is worth mentioning that, the combined state of stress ( , n1, n2) where θ is the angle formed between horizontal and diagonal of the wall, and An is the net horizontal cross-sectional area of the wall. Therefore, it was possible to mathematically evaluate each of the four proposed failure modes.

Shear Sliding (Vss)

Recognizing that shear strength results from the combination of bond strength and friction resistance between mortar joints and blocks [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF], the shear strength is typically modelled with the Mohr-Coulomb relationship provided in Equation [START_REF] Thermou | Upgrading of RC Structures for a Target Response Shape[END_REF]. Shear sliding failure of masonry walls occur by debonding along one bed joint due to bond failure between block and mortar, as shown in Figure 2-6a, for very low values of the normal stress n [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF]. The horizontal force to resist shear sliding can be expressed with Equation (2-4):

Equation (2-4)

Shear Friction (Vsf)

The shear friction failure occurs for low levels of normal stresses. Failure is caused by debonding of the mortar-block interfaces and sliding occurs along the bed joints. Cracks often develop following a stepped pattern, as shown in Figure 2-6b, which initiate along mortar joints subjected to low axial stress. The formation of stepped pattern cracks was accurately explained by Mann and Muller (1982) theory. It was attributed to the fact that the bond strength of the head and bed joints is usually reduced by shrinkage and uncompleted filling, and the increase of the shear strength due to friction is not significant.

The shear strength of masonry corresponding to the shear-friction failure was calculated based on the theory of Mann and Muller (1982) According to [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF], the horizontal force required to cause shear friction failure is presented by Equation (2-7):

Equation (2-7)
It is worth mentioning that Equation (2-7) represents a lower bound of the shear strength of masonry due to the fact that it was derived based on the assumption that the head joints transfer any shear force.

Diagonal Tension (Vdt)

Diagonal tension failure mode occurs when the principal tensile stress, I, induced by the shear-compressive stress state, exceeds the tensile capacity of masonry, f'tb. This is usually the case for walls subjected to medium or high levels of normal stress, n. The presence of higher compressive normal stress increases the shear strength of the mortar joint, as a result, cracks propagate through the masonry units, instead of following the head and bed joints. The direction of the cracks crossing the blocks is approximately perpendicular to the orientation of the principle tensile stress, as shown in Figure 2-6c. The shear strength in the case of diagonal tension failure was evaluated by Mann and Muller (1982), and is presented by Equation (2-8) which clearly indicates that the shear strength, m, is proportional to the normal stress, n.

Equation (2-8)

Based on [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF], the horizontal force required to cause diagonal tension failure is evaluated according to Equation (2-9):

Equation (2-9)
The tensile strength of masonry, f't, is evaluated based on [START_REF] Silva | Monte Carlo simulation for validating the in-plane shear capacity of URM walls strengthened with GFRP grid reinforced polyurea[END_REF] Am is defined as the horizontal interface loading area between the steel shoe and the masonry walls, parallel to the bed joint.

Equations (2-4), (2-7), (2-9), and (2-12) completely represent the failure envelope for the shear strength of masonry plotted in Figure 2-9 as a function of the compressive stress applied to the wall that varies from zero to the full compressive strength of the masonry. It can be seen that the capacity of walls subjected to low compressive stress is govered by Equation (2-5) and (2-8). Though the capacity calculated from Equation (2-5) is always slightly higher than that from Equation (2-8), in reality, each of them might govern depending on the shear stress distribution, defects in the mortar joints, or both [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF].

Based on the literature, the diagonal compression test is one of the most common tests that has been carried out in order to evaluate the in-plane shear characteristics of masonry panels, due to the advantages as listed above. Most importantly, the conditions in this test resemble those that normally happen in masonry infilled frames subjected to in-plane lateral loads (Crisafully, 1997). Consequently, twenty three URM wallettes were constructed in a running bond pattern, of which eighteen were strengthened using different UHPC strip layouts, and subjected to a monotonic diagonal compressive force aiming at characterizing the overall in-plane response of masonry walls retrofitted with the proposed technique. 

Experimental Program

An experimental program was undertaken to investigate the in-plane shear behavior of unreinforced concrete masonry walls (URM) strengthened using Ultra-High Performance Concrete (UHPC) precast plates. In this study, UHPC diagonal strips were bonded onto the masonry wall substrate by means of high strength epoxy mortar (Sikadur-31 CF Slow), with an emphasis on single-side strengthening layout which is frequently implemented in the case of external façade walls of existing masonry buildings to preserve the building exterior aesthetics.

Accordingly, twenty three masonry wallettes were constructed, of which eighteen were strengthened with different UHPC configurations. The main test variables were the width and thickness of the UHPC retrofit. Tested also was the effect of varying the masonry compressive strength, the contribution of plaster overlays, and the benefits of providing double-side UHPC corner plates on the overall in-plane response of the wallettes. Two types of concrete masonry units, CMU-1 and CMU-2, were used in this study to construct the specimens. Seven wallettes were constructed with CMU-1 and sixteen with CMU-2.

All specimens were subjected to a monotonically increasing diagonal compressive load.

Based on test results, it was possible to characterize the in-plane response of tested specimens that were strengthened with the proposed technique.

Specimens

Two sets of single leaf masonry wallettes, referred to as SET-A and SET-B panels, having the nominal size of 1000 mm x 1000 mm x 70 mm (height x width x thickness), were constructed in the lab in a running bond pattern by a professional mason to ensure compliance with good construction practices. SET-A wallettes were constructed with CMU-1 masonry units and SET-B wallettes were constructed using CMU-2 blocks. All twenty three wallettes The UHPC used in this study is marketed under the name VICAT and consists of three Weigh all constituent materials. Add half of HRWA to water.

Place premix in mixer pan and mix for 2 minutes.

Add water (with half of HRWA) to premix slowly over the course of 2 minutes.

Wait 1 minute, then add remaining HRWA to premix over the course of 30 seconds.

Wait 1 minute, then add accelerator over the span of 1 minute.

Continue mixing as the UHPC changes from a dry powder to a thick paste. The time for this process will vary.

Add fibers to the mix slowly over the course of 2 minutes.

After the fibers have been added, continue running mixer for 1 minute to ensure that the fibers are well dispersed. As soon as the mixing was completed, the UHPC was cast into custom made plywood molds. The casting of all UHPC elements resulting from each batch was completed within 20 minutes after the completion of mixing. The molds were cleaned and coated with a thin film of mineral oil. The filling of molds was completed via small buckets used to move the UHPC from the mixing pan into the mold. The UHPC was poured in one end of the mold and was allowed to flow to the other end in order to complete the filling. Due to their relatively large size, the UHPC specimens could not be cast on a shaking table, and therefore were consolidated by tapping the sides of the molds 30 times with a mallet.

Throughout the casting process, and due to the excellent rheological behavior of the UHPC mix that include workability, self-placing and self-densifying properties (Azmee and Shafiq 2018), it was observed that little consolidation effort was needed to properly fill the molds.

After filling, the top surface of the freshly mixed UHPC was finished with a trowel, and as soon as surface screeding was completed, the specimens were covered with plastic sheeting 

Mortar

Four types of hydraulic cement mortar mixes were prepared and used in this experimental program. The first and second mortars "Mortar 1" and "Mortar 2" mixes were prepared using a commercial standard premixed hydraulic cement mortar, of the type t-mix MS, and utilized to build and to plaster SET-A Specimens, respectively. Mortar 2 mix had higher w/c ratio than Mortar 1 mix. The third mortar mix "Mortar 3", which was used to build SET-B specimens, was prepared on site by mixing type 1 Portland cement and sand with a cement:sand:water ratio (by volume) of 1:2.5:0.45. The fourth mortar mix "Mortar 4", which was used for plastering, was also prepared on site by mixing type 1 Portland cement and sand with a cement:sand:water ratio (by volume) of 1:3:0.65. 

f'c (MPa) fr (MPa) f'c (MPa) fr (MPa) f'c (MPa) fr (MPa) f'c (MPa) 

Masonry Prisms

Unreinforced masonry assemblage (URM) is a non-homogeneous, inelastic material which mechanical properties depend on the interaction between block units and mortar. URM exhibits a structured orthotropic behavior when subjected to biaxial loading. The assemblage properties are a necessity for either linear or non-linear analysis of masonry structures.

Uniaxial compression tests on masonry prisms were conducted to determine the compressive strength (f'm) and the stress-strain relationship of the masonry. Using the prism test data, the uniaxial compressive strength and elastic modulus were calculated.

(b) (a)

Three Prism-1 specimens made with CMU-1 blocks and three Prism-2 specimen made with CMU-2 blocks, were built in a stack bond pattern with 10 mm thick face shell mortar bedding. Prism-1 specimens were 3-unit high and had the nominal dimensions 491 mm x 587 mm x 70 mm (length x height x thickness), while Prism-2 specimens were 4-unit high and had the nominal dimensions 401 mm x 826 mm x 70 mm (length x height x thickness). Mortar-1 and Mortar-3 types were laid on the face shell only for Prism-1 and Prism-2 specimens, respectively. All prisms were constructed on the lab floor by competent masons in order to achieve a satisfactory standard of workmanship, and are shown in Figure 2-18. All prisms were cured for 7 days following construction by spraying water and then left exposed to the laboratory atmosphere to air cure until they were tested at 28 days. 11.9%) and (f'm2) for Prim-2 was 21.13 MPa (C.O.V. 13.07%). The masonry Modulus of Elasticity (Em ) is commonly calculated as the chord modulus of the linear part of the masonry compression stress-strain curve, which is typically defined to be between 5% and 33% of the ultimate masonry compressive strength (f'm) (ASTM E111, 2017). However, as the intention was to provide reasonable values for the non-linear seismic analysis and as the damage in the tested specimens were initiated at about 0.7f'm, it was deemed appropriate to consider the chord modulus between 0.05f'm and 0.7f'm in the calculation of the modulus of elasticity of masonry so as to provide a better estimate of the effective yield displacements [START_REF] Marcari | In-plane shear performance of masonry panels strengthened with FRP[END_REF][START_REF] Opcm | Masonry Section of Annexe 2: Buildings of Ordinance PCM 3274 & Modifications OPCM 3431[END_REF].

The relationship between masonry compressive strength and Modulus of Elasticity can be expressed as Em= kf'm, where k is a constant that varies from one recommendation to another.

The MSJC code (2002) andFEMA 306 (1999) from North America recommended that Em is equal to 700f'm for modern masonry and 550f'm for existing masonry, respectively, whilst the Canadian masonry code (CSA 2004) suggested a slightly higher value of 850f'm for modern masonry. [START_REF] Paulay | Seismic design of reinforced concrete and masonry buildings[END_REF], Eurocode (CEN 2005), and the Italian standard code (NTC 2018) all suggested that the elastic modulus be taken as 1000f'm. However, [START_REF] Drysdale | Masonry Structures: Behavior and Design[END_REF] collected data of past experimental results and observed that there was a wide variation in the Modulus of Elasticity-compressive strength relationships, where Em value ranging from 210f'm to 1670f'm.

The strain-strain diagrams for tested Prism-1 and Prism-2 specimens are shown in 

Strengthening Procedure

Before starting any strengthening process, the masonry substrate must be prepared. First of all, three 8 mm diameter holes were drilled at each of the loaded corners, through the wall thickness whenever bolts had to be installed; then, the masonry surface was cleaned by shopping-off the mortar protrusions with a hammer and blowing-off the dust using an air compressor. Lastly, the surface of the wall was wipe cleaned with a damp cloth to make sure that no loose or friable particles were left behind. Once the specimen is dry, UHPC strips were bonded using Sikadur-31 CF slow, a high strength epoxy mortar.

Sikadur-31 CF Slow is a moisture tolerant, thixotropic, structural 2-component adhesive and repair mortar, based on epoxy resins and special fillers for use at higher temperatures between +25 °C and +45 °C. It is suitable for use in hot and tropical conditions. It was chosen to be used as epoxy mortar in this study because of its remarkable characteristics which are listed hereafter: ease of mixing and application where it can be applied on both dry and damp surfaces with no primer needed; high strength adhesive that ensures a very good adhesion between concrete and masonry; shrinkage free and does not sag when used in vertical and overhead applications; good abrasion and chemical resistance and forms an impervious layer whenever applied; additionally, it is characterized by high initial and ultimate mechanical strength. Technical information of the Sikadur-31 epoxy mortar as provided by the manufacturer are presented in Table 2-6. The bonding procedure of the UHPC strips started 28 days after the masonry panels were built and is presented in the photographs shown in Figure 2-22. The back side of UHPC was roughened with a hard laser bladed hand grinder by craving up to 3 mm into the surface to ensure proper bonding onto the wall substrate. The treated UHPC surface was cleaned by air pressure and a damp mat, then were glued on the specimen with a 5 mm thick epoxy mortar layer, which was uniformly splayed out on the roughened side of the UHPC. Sikadur-31 epoxy mortar was prepared and applied following the instructions as stated in the product data sheet as provided by the manufacturer. A light hand pressure was applied on the bonded strengthening strips to guarantee the right adherence to the wall substrate. Whenever irregularity existed due to wall construction, a putty layer of epoxy mortar having an appropriate thickness covering a width slightly larger than that of the strengthening strips, was applied directly on the masonry substrate in the direction parallel to the UHPC strip to ensure a flat surface onto which the strengthening strips were bonded. Joints between UHPC strips were also filled with the same epoxy mortar. All strengthened specimen were left in place undisturbed for a period of not less than 3 days, until the epoxy mortar has reached the minimum required mechanical properties. 

Experimental Set-up

Experimental results of 23 tested specimens are presented in this section in terms of ultimate load capacity, cracking pattern, shear stress and shear strain, shear modulus, pseudo ductility and energy dissipation.

In this experimental study, the laboratory procedure is normalized by ASTM E519 where P is the applied load, in N, An is the net area of the specimen's cross-section, in mm 2 , calculated according to Equation ( 14):

Equation (2-14)
where w, h and t are, respectively, the width, the height, and the total thickness of the specimen, all in mm, and n is the percentage of the gross area of the unit that is solid, expressed as a decimal.

The shear strain is computed as shown in Equation (2-15):

Equation (2-15)
where is the shearing strain, in mm/mm, v is the vertical shortening, in mm, h is the horizontal elongation, in mm, and g is the gauge length in the direction parallel to loading, in mm.

Finally, the modulus of rigidity is calculated, in MPa, as shown in Equation ( 2 

Test Results and Discussion

Peak Values and Capacity Ratios

The load vs. displacement curves of SET-A specimens is shown in Figure 2 cracking occurred at about 90% of the peak load, and then failed suddenly at small deformations with a sharp decrease in the post-peak load-carrying capacity. That behavior was also witnessed in W7B specimen, as depicted in Figure 2-32, which is strengthened with 20 mm thick UHPC strips. Experimental results [START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF] showed that the behavior of tested walls with asymmetrical strengthening is characterized by an in-plane phase which is critical to the strength of the wall and an out-of-plane phase which affects the stability of the wall. The outof-plane phase is characterized by cracks initiating first on the unreinforced face then penetrating toward the strengthened face. Although W7B specimen registered the highest improvement in term of load-carrying capacity, 2.78 times the strength of the URM wall, yet, it failed suddenly due to highly asymmetric stiffness caused by the use of relatively thick UHPC strips. Because the out-of-plane phase depends primarily on the relative stiffness of the reinforcement, the highly asymmetric stiffness compromised the ductility and energy dissipation of the wall, which are regarded as two of the most important contributing parameters for a building to withstand a severe seismic event. As for all other strengthened specimens, a smooth load decay was achieved after the peak load; SET-B strengthened specimens, displayed a relatively smoother load decay with an increase in horizontal displacement when compared to SET-A strengthened specimens. All the strengthened specimens achieved higher displacement at peak load than the reference specimens.

Tables 2-7 summarizes the test results of SET-A and SET-B specimens in terms of ultimate failure load, peak strength gain, and failure mode. It can be seen that the peak load for the reference and plastered panels of SET-A specimens were 55.7 kN and 70.6 kN, respectively, while the reference and plastered panels of SET-B specimens averaged a peak load of 95.3 kN and 157.4 kN, respectively, almost twice the strength recorded for the same SET-A type panels.

The application of plaster overlays on both sides of the unreinforced masonry wallettes increased the in-plane strength by 27% in the case of W2A panel as opposed to 64% in the case of W2B panel. It is worth mentioning that the compressive strength of the concrete masonry units, the mortar joints, and the plastering mortar used in the construction of SET-B specimens is about twice the compressive strength of the same constituent materials used in the construction of SET-A specimens. This suggests a direct relationship between the mechanical properties of the constituent materials and the in-plane behavior of the panels, therefore proper materials characterization is vital prior to any strengthening process. When compared to W1A specimen, W3A specimen had only achieved 36% increase in the in-plane load-carrying capacity, while 97% and 82% increase were attained in the case of W5A and W6A specimens, respectively. To further investigate this matter, the relationship between the area of the UHPC vertical strip and the in-plane strength of the panel is depicted in Figure 2-34. A high correlation factor exists, which suggests that the panel strength is proportional to the area of the vertical UHPC strip provided.

Strengthening a panel by applying UHPC strips onto the plaster overlay came to be inefficient; since W4A specimen reached an in-plane load of 65.9 kN at failure, only 18% larger than that of the reference panel, which is even less than that of the plastered wall itself. The asymmetrical stiffness resulting from one-side bonding of UHPC strips onto the plaster overlay may have initiated out-of-plane demands along the loaded diagonal. Consequently, the bond strength at the plastering-masonry interface has been exceeded which caused a premature debonding failure. As a result, W4A specimen had a lower load carrying capacity than the other strengthened specimens.

The last tested panel of SET-A series was W7A. That specimen had two steel plates introduced near the supports to provide additional confinement to the masonry in these regions;

W7A failed at 82.4 kN achieving 48% increase in strength when compared to W1A, and only 17% when compared to W2A. Confining the loaded corners changed the failure mechanism of the panel from a premature corner crushing into a diagonal cracking mode. However, a lower rate of strength gain was attained when UHPC plates were bonded onto plaster overlays as opposed to where a similar retrofit was directly applied onto the masonry surface, as in the case of W3A specimen.

SET-A specimens test results revealed the effectiveness of the proposed strengthening method in improving the in-plane strength of concrete masonry panels; however, in most of the strengthened panels, premature toe crushing failure mode governed the strength of the panel, and the formation of diagonal cracks along the line of action of the applied load was not observed.

Based on the experimental results of SET-B specimens, it was clear that bonding UHPC corner plates on both sides of the loaded corners and transversely connecting them with 6 mm diameter threaded steel rods, altered the in-plane response of the masonry panels. UHPC corner plates covered a larger area of the loaded corners, which led to increasing the compressive strength of these regions, thus eliminated the premature localized toe crushing failure mechanism and enabled the masonry wall to sustain higher diagonal compressive loads.

Consequently, this resulted in a failure mode that involved uniform cracks across the compressed diagonal. The presence of steel rods was equally beneficial and crucial in avoiding vertical transverse splitting of the masonry units at the loaded corners.

The main goal behind testing SET-B strengthened specimens was to evaluate the effect of UHPC strip width and thickness, as well as providing UHPC corner plates on the in-plane shear behavior of the wallettes.

The first stage of testing SET-B panels involved the evaluation of the effect of the UHPC panel width. For this reason, nine masonry panels were strengthened with UHPC diagonal strips having a thickness of 10 mm with variable width of 100, 170, and 250 mm, and labeled W3B (UHPC 10x100-CP-B), W4B (UHPC 10x170-CP-B), and W5B (UHPC 10x250-CP-B), respectively. These strengthened wallettes incorporated corner plates that had the same thickness as the UHPC diagonal strips.

Based on test results, it can be seen that varying the UHPC strip width did not have a great effect on the in-plane load carrying capacity gains. An increase of the in-plane strength of less than 10% was achieved by increasing the UHPC strip width from 100 mm to 170 mm all the way till 250 mm. However, the effect of increasing the UHPC strip width was rather noticeable in terms of pseudo-ductility and energy dissipation as will be discussed in the following sections. Additionally, W4B and W5B specimens, were able to sustain the same mean in-plane load, as indicated in Table 234567.

It is worth noting that in the case of W3A and W6A panels, the in-plane strength increased by 36% and 82%, respectively, compared to the reference specimen and a strength gain of 33% was attained by increasing the UHPC strip width from 100 to 170 mm. Regarding W3B (UHPC 10x100-CP-B) and W4B (UHPC 10x170-CP-B) specimens, the in-plane strength increased by 104% and 120%, respectively, compared to the reference specimens. However, the in-plane strength improved by only 8% when the UHPC strip width increased from 100 to 170 mm. The author believes that the contradictory results between SET-A and SET-B panels, when it comes to the evaluation of the effect of the UHPC trip width on the in-plane strength of the tested wallettes, may be attributed to the presence of UHPC corner plates and steel rods, in SET-B specimens. Confining the loaded corners led to increasing the compressive strength and the transverse shear strength of the corner regions which shifted the concentration of stresses towards the center of the panel. Consequently, the panel was finally able to resist the applied diagonal force through the composite masonry-UHPC section along the loaded diagonal.

Since varying the width of UHPC strips had no major effect on the strength of SET-B panels, it was paramount to examine the effect of strip thickness on the in-plane response.

Consequently, two masonry panels were strengthened with 5 mm thick x 170 mm wide, labeled W6B and one panel was strengthened with 20 mm thick x 170 mm wide UHPC strips, labeled W7B. Based on the experimental results, it was observed that the strip thickness outweighs the strip width influence on the in-plane strength of masonry wallettes. Once the increase of the UHPC strip thickness is well beyond 10 mm, the stiffness of the UHPC strip is assuming a high load ratio leading to a purely elastic behavior resulting in sudden "explosive-like" diagonal failure mode as resulted in the case of W7B specimen. On the other hand, reducing the plate thickness down to 5 mm proved to be beneficial on all levels. W6B specimens recorded slightly larger strength, about 7% more than W4B specimens, where a decrease in asymmetrical stiffness due the bonding of 5 mm thick UHPC strips combined with the advanced mechanical properties of the UHPC made it possible for W6B strengthened wallette to experience significant inelastic deformation prior to failure. W8B specimen exhibited rather similar behavior to those SET-B panels strengthened with 10 mm thick UHPC strips, where it experienced an approximately linear behavior up to 65% of the peak load followed by a strain hardening phase up to peak and then a strain softening phase with smooth decay in the load carrying capacity. It is worth noting that when UHPC strips were directly bonded onto the masonry surface, the strength of W3B specimen was about 2 times the strength of the reference specimen. However, when the same layout of UHPC retrofit was bonded onto the plaster overlay, the strength of W8B was about 1.6 times the strength of W2B specimen. Again confirming findings from SET-A specimen test results when it comes to the benefits of directly bonding UHPC retrofit onto the masonry surface rather than onto the plaster overlay. The presence of plaster overlays increased the sectional dimensions of W8B panel and led to an increase in its initial stiffness. This suggests that the thickness of the UHPC strip may be related to the thickness of the masonry wall. 

Shear Strength and Shear Stiffness

Diagonal tension tests of masonry wallettes were conducted according to ASTM E519 (2015). The shear stress, Ss, induced in each of the tested specimens was calculated using to Equation ( 13), where the net cross-sectional area of the specimen, An, was calculated according to Equation ( 14) and found to be 41440 mm 2 and 44800 mm 2 for each of SET-A and SET-B specimens, respectively. The shear strain, , was calculated according to Equation ( 15 linearly until sudden failure occurred at small deformations, with a sharp drop in the stress value. W3B, W4B, W5B,W6B and W8B tested specimens exhibited a linear-elastic behavior up to 60-70% of peak load with substantially higher shear strains at peak in comparison to unreinforced panels, and then followed by well-defined non-linear branch characterized by a flattened horizontal portion of the stress-strain curve. This meant that the aforementioned strengthened panels had the ability to go well into the inelastic range without a substantial loss in the post-peak shear strength. In spite of the improvement in the shear strength of W3A, W4A, W5A and W6A tested specimens, yet, they did not show the same strass-strain curves as the previously mentioned SET-B strengthened specimens. This may be attributed to the premature localized corner crushing which was observed in W3A and W5A, the premature debonding at the Plaster-masonry interface in W4A and the vertical splitting of masonry units observed in W6A specimen. Because the out-of-plane phase is highly dependent on the relative stiffness of the reinforcement, strengthening W7B specimen with 20 mm thick UHPC strips significantly increased the stiffness of the wall on the strengthened side, which subsequently amplified the effect of the out-of-plane phase and resulted in sudden brittle failure despite a substantial increase in the in-plane shear strength.

The shear stiffness, G, was calculated as the secant modulus between 5% u and 70% u of the shear stress-strain curves and values are tabulated in column 6 of Table 2-6. It can be seen that applying plaster overlays onto both faces of the masonry walls, led to an increase in the shear stiffness of W2A and W2B tested specimens. However, strengthening plastered or unplastered masonry panels using either 5 mm or 10 mm UHPC diagonal strips did not cause any noticeable increase in the shear stiffness of the panels, which in turns, positively affected the overall behavior of those retrofitted panels. On the contrary, a substantial increase in the shear stiffness was observed in W7B specimen. Bonding 20 mm thick UHPC strips induced a brittle failure mechanism as a result of asymmetrical stiffness between strengthened and unstrengthened side of the wall caused by reinforcement eccentricity. 

Pseudo-Ductility and Failure Energy

Ductility is defined as the ability of a structure to sustain large deformations in the inelastic range of response without collapsing in the event of an earthquake. Due to the fact that the shear stress-strain curves for the tested specimens did not exhibit a distinct yield point, an

Elasto-plastic bilinear approximation was used. In order to quantify it, the pseudo-ductility factor, μ, of the tested specimens is calculated as the ratio of u/ cr, where u is regarded as the post-peak shear strain corresponding to a shear stress value equals to 80% of τmax [START_REF] Park | Evaluation of ductility of structures and structural assemblages from laboratory testing[END_REF][START_REF] Petersen | In-plane shear behavior of unreinforced masonry panels strengthened with fiber reinforced polymer strips[END_REF]Parisi et al., 2013;[START_REF] Marcari | Experimental investigation of tuff masonry panels reinforcedwith surface bonded basalt textile-reinforced mortar[END_REF]. There is no unique method to quantify the cracking shear strain value, cr, some researches [START_REF] Grando | Shear strengthening of URM clay walls with FRP systems[END_REF][START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF][START_REF] Secondin | Masonry reinforced with FRP systems[END_REF][START_REF] Tumialan | Shear strengthening of masonry walls with FRP composites[END_REF] assumes cr as the bend-over point beyond which the shear stress-strain curve tends to flatten, other researches [START_REF] Park | Evaluation of ductility of structures and structural assemblages from laboratory testing[END_REF][START_REF] Petersen | In-plane shear behavior of unreinforced masonry panels strengthened with fiber reinforced polymer strips[END_REF] consider cr to be the shear strain that corresponds to 75% of τmax, and others suggest it to be the shear strain at 70% of τmax (Parisi et al., 2013, Dizhur et al., 2013;Dizhur and Ingham, 2013). In the present study, cr is assumed as the shear strain corresponding to 70% of the shear strength. A specimen with higher pseudo-ductility factor experiences higher inelastic deformation without substantial loss in the load carrying capacity and has higher energy dissipation ability. The values of ultimate strain ( u), cracking strain ( cr) and the pseudo-ductility (μ) of all tested specimens are reported in columns (3), ( 5) and ( 7), respectively, of Table 2-8. The failure energy is said to be the total energy required to reach the failure limit state of a tested specimen. It was found by computing the area under the force-vertical displacement curve from zero to ultimate displacement and is reported in column (8) of 

Conclusions

An extensive experimental program was undertaken to characterize the in-plane shear strength of URM wallettes strengthened with epoxy bonded UHPC diagonal strips. A total of twenty three wallettes were subjected to an in-plane diagonal compressive load, of which eighteen were strengthened using different UHPC configurations. The main test variables were the width and the thickness of the UHPC retrofit. Tested also as variables were the effect of masonry compressive strength, the contribution of plaster overlays and the benefits of providing UHPC corner plates on both sides of the masonry panel on the overall in-plane response of the wallettes. Based on diagonal compression test results, it was concluded that:

Experimental results proved indisputably that the UHPC strengthening technique can be very effective in significantly increasing the in-plane strength and ductility of URM walls.

The mechanical properties of the masonry such as the compressive strength of mortar and masonry block were found to remarkably affect the shear strength and compressive strength of the unstrengthened specimens. As for the strengthened specimens, the retrofit layout was found to dictate the in-plane behavior of the walls and hindered the effects of wall constituents' properties.

Confining the loaded corners by providing UHPC corner plates on both sides of the wallette, transversely connected with threaded steel rods, proved to be a key factor towards the success of the retrofitting technique. Confining the loaded corners protected against early corner crushing and allowed the retrofitted walls to reach higher in-plane diagonal loads.

The effect of the UHPC strip thickness outweighed that of the UHPC width. Despite the fact that the effect of increasing the width of the UHPC strips was only marginal in terms of in-plane shear strength, yet it its effect was more pronounced in terms of ductility and failure energy.

Specimen retrofitted with 20 mm thick UHPC strips had an in-plane shear strength 2.78 times greater than that of the unstrengthened specimen, however, it exhibited a brittle failure as result of asymmetrical stiffness between both sides of the wall.

The overall behavior of URM walls strengthened using 5 mm thick UHPC strips outran the in-plane response of those strengthened using 10 mm thick strips.

On average, in the case of 5 mm thick UHPC retrofit, the in-plane shear strength was increased by 2.37 times, while ductility and failure energy were improved by 3.60 and 9.10 times, respectively, as compared to the unstrengthened specimen. On the other hand, the in-plane shear strength, ductility and failure energy increased by 2.20, 2.90 and 7.57 times, respectively, in the case of 10 mm thick UHPC retrofit. This owes to high load carrying capacity of UHPC member even at smaller sectional dimensions, as well to the reduced asymmetrical stiffness between both sides of the wall which improved the overall stability and exhibited larger pseudo-ductility.

Strengthened specimens not receiving UHPC corners plates resulted in almost the same increase in shear stiffness as compared to the as-built unstrengthened specimen. On the other hand, specimens receiving corner plates and retrofitted with 5 mm and 10 mm thick UHPC strips had shear stiffness similar to that of the as-built reference specimen, while strengthening URM with 20 mm thick UHPC strips resulted in 40% increase in the shear stiffness as compared to the reference specimen.

No signs of debonding was visible between the UHPC retrofit and the wall substrate except for the case where UHPC was bonded onto the plaster overlay whilst the retrofitted wall not receiving corner plates.

The experimental study presented in this Chapter paved the way towards better understanding the in-plane behavior of URM retrofitted with Ultra-High Performance Concrete precast plates. The primary focus was to examine the effect of UHPC strips geometry on the in-plane response of retrofitted URM walls. Based on the outcomes of this in-plane shear characterization study, a second experimental study was conducted which aimed at investigating the lateral in-plane behavior of infilled RC frames retrofitted with the proposed technique. Test results of four ½ scale one-bay, one-storey masonry infilled RC frames subjected to quasi-static cyclic lateral load are presented in the next Chapter.

Chapter 3 Lateral Cyclic Load Test of Masonry Infilled RC Frames Strengthened Using Ultra-High Performance Concrete (UHPC)

The aim of this study is to investigate the seismic behavior of non-ductile masonry infilled RC frames retrofitted with UHPC Precast plates, one-side bonded along the diagonals of the infill panel by means of high strength epoxy mortar.

Behavior of Masonry Infilled Reinforced Concrete Frames

Prior to any in depth analysis of infilled frame structures, it must be pointed out that the number of parameters which may influence their behavior is rather large. Masonry panel and frame materials, the construction techniques followed during the building of the structure, and the conditions at the panel-frame interface are all said to influence the structural response.

Numerous experimental programs have been conducted, yet it is very hard to collect comparable results from different studies. Reduced size specimens have been used in order to study infilled frames and high cost of the laboratory experiments is the main reason which limits the test repetition of the same specimen to minimize the scatter of experimental data. As masonry materials are sensitive to scale effects, special attention must be paid during the interpretation of test results.

In the initial stage of loading, infilled frames behave elastically and are largely controlled by the characteristics of the masonry panel. Influenced by the bond strength at the panel-frame interface, the structure behaves monolithically where columns act as tension or compression boundary elements and the infill panel acts as a connecting shear element [START_REF] Blasi | Brittle failure in RC masonry infilled frames: The role of infill overstrength[END_REF]. Hence, the system may be considered similar to a cantilever wall. It was shown by finite element analysis that a state of an approximately pure shear stress develops at the central region of the panel while stress concentration occur at the four corners (Crisafully, 1997). As the lateral force increases, parts of the panel-frame interface begins to crack due to displacement incompatibility resulting from different deformational characteristics leading to a separation of the masonry panel from the surrounding frame at the opposite tension corners [START_REF] Blasi | Brittle failure in RC masonry infilled frames: The role of infill overstrength[END_REF]. Leuchars and Srivener (1976) pointed out that separation may occur at about 50% of the ultimate for reinforced concrete frames. However, higher force level could be expected before separation when better bond conditions develop at the panel-frame interfaces for masonry infilled frames. The resistance of the structure is not significantly affected by the separation where only the frame stiffness decreases. [START_REF] Esteva | Behavior under Alternating Loads of Masonry Diaphragms Framed by Reinforced Concrete Members[END_REF] conducted experimental tests on brick and concrete block masonry infilled reinforced concrete frames and found that the separation occurred for a storey drift between 0.01% and 0.3%.

As soon as the separation occurs, the tensile corners are stress free while the compressed corners experience a substantial increase in the stress level, and hence, the masonry panel is under compressive stresses along the loaded diagonal. Consequently, a biaxial compression stress state governs the loaded corners while a tension-compression stress state occurs at the center of the panel.

The contact length at the panel-frame interface is reduced into a shorter distance extending from the loaded corners, hence the behavior of the composite structure approximates a braced frame. Early researchers suggested that this behavior could be represented by an equivalent diagonal strut, as shown in Figure 3-1, which develops along the other diagonal upon load reversal. As reported by [START_REF] Mallick | The Behavior of Infilled Frames under Static Loading[END_REF], Polyakov was the first to reflect this idea in 1958, then adopted by [START_REF] Holmes | Steel frames with brickwork and concrete filling[END_REF] who suggested that the width of the diagonal strut should be equal to one third of the diagonal length of the masonry infill and having a thickness similar to that of the panel. This method was then improved by Stafford [START_REF] Smith | Lateral Stiffness of Infilled Frames[END_REF][START_REF] Smith | A method of analysis for infilled frames[END_REF] and many other researchers. considerably increase the bending moment action on the frame members [START_REF] Kwan | LARGE-SCALE MODEL TESTS AND PLASTIC ANALYSIS OF MULTIBAY INFILLED FRAMES[END_REF].

Due to the composite interaction, one of the columns is under the effect of an axial tension force. Since lateral load is predominantly transferred to foundation by the truss mechanism, the bending moments developed in the reinforced concrete members of the infilled frame end up to be smaller than those corresponding to the bare frame for the same magnitude of lateral load (Stafford Smith, 1969). The relative stiffness between the infill and the frame members affect the bending moments and the forces developed in the frame. Crisafully (1997) presented the bending moment diagrams resulting from reducing and increasing the stiffness of the frame, respectively. As depicted in Figure 3-4, it was observed that the maximum bending moments in the columns shifts away from zone close to the loaded corner (for the case of flexible frames) toward the opposite end of the column (for the case of rigid frames). This finding is crucial when it comes to the analysis of the probable location of plastic hinges in the frame. He also noted that the maximum bending moment of the flexible frame were much smaller than those of the rigid frame.

As the lateral force increases, the separation of the masonry panel and the frame gets wider until the final contact is restricted to regions adjacent to loaded corners. Following the cracking of the masonry panel, a remarkable reduction in the stiffness occurs until the shear strength is attained. It was observed by Dawe and Hatzinikolas (1988) that a sawtooth effect is likely to be seen in the force-displacement relationship upon the formation of major cracks in the masonry infill. Once this stage has been attained, the masonry panel is damaged and yielding of the fame elements is expected to occur due to plastic hinging, which consequently increases the bending moments in the members. The final behavior is mainly controlled by the frame, which restrains the cracked infill panel (Crisafully, 1997). International du Beton, 1994) that frames infilled with relatively weak masonry panels exhibits a smooth falling branch and develop a ductile mechanism, while a steeper falling branch is found for the case of a frame infilled with a relatively strong masonry panel, which causes premature failure of the frame members, or when rapid degradation occurs for the masonry panel. Thus, the system is capable of undergoing low to medium plastic deformations with limited strength decay when the infilled frame is designed adequately.

To conclude, one may differentiate between four different stages. During the initial stage the structural behavior is idealized as a monolithic cantilever wall until separation occurs.

In the second stage, the behavior is characterized by the composite interaction between the panel and the frame elements, even though the materials remain mainly uncracked. Different cracking patterns are produced across the masonry panel due to the induced state of stress, and the damage escalates until the maximum lateral strength is achieved. During the final stage, the lateral strength decreases and the response is largely controlled by the frame.

Failure Modes of Masonry Infilled Frames

There are several factors which makes it difficult to predict the type of failure of an infilled frames. Those factors namely depends on the relative stiffness of the frame and the infill panel, the strength of the infilled frame components, and the dimensions of the structure.

Usually, one or more types of failure, which occur in the masonry panel as well as in the frame, would initiate the collapse of the system. In some cases, localized failure in one of the components does not represent the failure of the whole system, rather, should be considered as a serviceability limit state. Modes of failure are said to be the different mechanisms of failure which affect the components of the infilled frame. The final collapse of the infilled frame is most cases resulting from a combination of several failure modes.

Failure of the Masonry Infill Panel

Debonding of the mortar joints, cracking or crushing of the masonry units or a combination of both may all lead to the failure of the masonry panel. Material properties and the stress state developed in the panel may influence the occurrence of the different types of failure. The various modes of failure which may be found in masonry infills are summarized in Neglecting the effect of the principal tensile stress in the central zone of the panel, the ratio of the normal stress, n, to the shear stress, , can be estimated using Equation (3-1):

Equation (3-1)
where θ is the angle between the diagonal of the panel and the horizontal axis, Lm is the length of the masonry panel, and hm is the height of the masonry panel.

Equation (3-1) indicates that the ratio n/ is proportional to the aspect ratio hm/Lm of the masonry panel. As reported by Crisafully (1997), the aspect ratio for typical frames, and as a result the ratio of the normal stress to the shear stress which has a significant effect on the failure mode of the masonry panel, may vary from 0.5 to 1.25. These values were obtained by considering that the panel is 2.5 m in height and is 2.0 to 5.0 m in length, which are common limit values based on the recommendations of several seismic design codes.

There are three different types of shear cracking found in masonry panels

Stepped Cracking along the Mortar Joint

Cracking of the masonry infill usually occurs by debonding along the mortar joints whenever the mortar joints are relatively weaker than the masonry units, or when the masonry panel is predominately under shear stress rather than normal stress (low to medium aspect ratios hm/Lm < 2/3). Experimental results of masonry infilled reinforced concrete frames [START_REF] Fiorato | An Investigation of Interaction of Reinforced Frames with masonry Filler walls[END_REF]Luchars, 1973;& Bertero and Broken, 1983) showed that the major crack initiated a few courses below of the upper loaded corner and propagated along the diagonal towards approximately the center of the panel, and then, the crack continues along the horizontal direction. Upon load reversal, the length of the horizontal crack increased, and crossed the entire panel.

The formation of horizontal cracks is highly dependent on the ratio of the masonry unit to the infill panel dimensions. The diagonal stepped crack initiates at one of the loaded corners and tends to join the diagonally opposite one, due to the fact that those regions are highly subjected to shear stresses. The horizontal projection of the stepped crack horizontal length, Lsc as shown in Figure 3-9, is related to the dimensions of the masonry unit and it may be approximated using Equation (3-2): In is worth noting that the strength of the masonry panel is always controlled by a shear friction mechanism whether shear cracking occurred along the mortar joints or followed either a stepped or a horizontal pattern (Crisafully, 1997).

Equation (3-2)

Cracking due to Diagonal Tension

The stress state induced in the masonry panel, as shown in Figure 3-13, may lead to the formation of a diagonal cracks which initiate once the tensile strength of the masonry has been exceeded. These cracks occur in the central region of the panel, where the tensile stresses are higher, and then propagate at inclination approximately equal to the angle θ towards the opposite corners.

This type of cracking mainly occurs in cases where the mortar joint strength is larger than that of the masonry units, or in infill panels with medium to high aspects ratio where the normal stress predominates over the shear stress. The characteristics of the masonry panel and the panel-frame interface are said to have an influence on the distribution of the diagonal cracks.

It is normally difficult to predict the cracking pattern for a particular case. For instance, small cracks distributed over a wide zone along the diagonal, as shown in Figure 3 [START_REF] Priestley | Towards are Capacity-Design Assessment Procedure for Reinforced Concrete Frames[END_REF] mentioned that the structure is said to fail at the onset of diagonal tension cracking, even if diagonal cracking does not produce the collapse. This is justified by the fact that when diagonal cracks form along both diagonals, it may results in outof-plane expulsion of the panel material. Results of experimental tests and the post-earthquake observed damage indicated that quick collapse of panels made of hollow masonry units occurs after cracking. On the contrary, diagonal tension cracking may be only considered as a serviceability limit for panels made of solid masonry units.

Compressive Failure

Masonry compression failure has been observed to follow two mechanisms, as a result of the infill panel being subjected to different stress states developed at the loaded corners and along the diagonal.

Crushing of the Loaded Corners

Lateral loading causes a biaxial compression-compression stress state in the masonry panel at the loaded corners, and hence, the first mechanism of compressive failure may occur close to those regions, as shown in Figure 3-15. The strength of masonry panel is improved due to this biaxial stress state, yet, they do not overcome the stress values developed in these zones.

123 The corner crushing failure mode has been rarely found in masonry infilled reinforced concrete frames, due the weakness of the shear and diagonal tension failure modes [START_REF] Smith | A method of analysis for infilled frames[END_REF].

Compressive Failure of the Diagonal Strut

This failure mechanism is associated with diagonal tension cracking, and occurs as a consequence of it. The tensile stresses of developed in the masonry along the diagonal are relieved after cracking, and the masonry behaves similar to small axial loaded prisms, between the cracks. Larger lateral displacement tends to widen the cracks, causing the panel to fail due to instability of the cracked masonry. A sudden, and in some case explosive, compressive failure is likely to take place in panels constructed with hollow masonry units. This is usually the case sue to the fact that hollow masonry units are frequently made of brittle, high-strength materials to account for the loss of strength resulting from the large area of voids.

It is worth nothing that the compressive strength of the diagonal strut does not represent the standard compressive strength of masonry, f'm, since the resulting axial load is not perpendicular to the bed joints.

Flexural Cracking

Due to the low tensile strength of masonry, flexural cracking initiates at the tensile side of the panel, as shown in Figure 3-16, in the cases of infilled frames with very weak columns and for multistory infilled frames where flexure effects are prevailing (Luchars, 1973). Because separation at the panel-frame interface is first likely to occur, and due to the fact that the overturning moment is primarily resisted by the truss mechanism, the floral type of failure is unlikely to be seen. 

Flexural Collapse Mechanism

Plastic hinging mechanism caused by flexural effects usually forms at both column ends, where the bending moment reaches its maximum values. The collapse mechanism occurs once the masonry panel has failed. This is attributed to the difference in the structural properties of both frame and masonry. In addition to that, the system is behaves as a pinned brace frame before the failure of the masonry panel. A typical flexural collapse mechanism is illustrated in Figure 3-18. It is worth noting that plastic hinging was rarely witnessed in beams, even in multistory infilled frames.

Another flexural collapse mechanism is likely to form if the masonry panel fails due to shear sliding. This is caused by a change in the bending moment diagram, as shown in Figure 3-12. In this case, both columns will probably undergo plastic hinging, as one of the hinges will form at the end of the vertical element and the other one at about the mid-height, as shown in Figure 3-19. This mechanism is designated as "knee braced frame" by [START_REF] Fiorato | An Investigation of Interaction of Reinforced Frames with masonry Filler walls[END_REF]. It must be mentioned that those regions of the frame elements where plastic hinging is likely to occur need be designed with appropriate rotation capacity, so that the structure can achieve proper ductile response. 

Failure due to Axial Loads

Members of the reinforced concrete frame are subjected to axial forces as a consequence of the truss mechanism. In addition to that, columns are under the effect of axial compression forces produced by gravity loads, however, the former effect is considered to be much more important. The high compressive strength of the reinforced concrete section make it unlikely to fail under compression, yet, longitudinal reinforcing steel bars may buckle when subjected to severe cyclic loading, leading to compression failure. Cracks will form in reinforced concrete members subjected to tensile axial forces, and under increasing lateral loads, tensile forces will cause reinforced concrete frame members to yield.

Tension Failure with Yielding of the Longitudinal Reinforcement

Longitudinal reinforcement are likely to yield in columns parts of multistory infilled frame buildings, due to the high aspect ratio of the structure. Tensile stains lead to crack formation over the length of the column located on the tension side, as depicted in Figure 3-20.

Plastic deformations developed on the longitudinal reinforcement results in further stretching of the columns, as a consequence of increased lateral displacements. This behavior will cause the masonry panel to rotate within the frame causing a wide crack to appear to appear at the base. This failure mode is also called flexural failure since it occurs when the flexural effects are dominants (San Bartolome at al., 1992). displacement caused by the slip will force the structure to rotate as a rigid body about the compression column [START_REF] Fiorato | An Investigation of Interaction of Reinforced Frames with masonry Filler walls[END_REF]. The response of the infilled frame is dictated by the shear sliding at the base of the columns, under the action of cyclic loading. The shear demand is usually higher at the bottom of the column subjected to axial compression. 

Experimental Program

Experimental studies on the seismic behavior of masonry infilled frames have been carried out since the early 1950s, Nevertheless, this building typology has been consistently observed to poorly behave during past earthquake events [START_REF] Dizhur | Building typologies and failure modes observed in the 2015 Gorkha (Nepal) earthquake[END_REF][START_REF] Ismail | Building typologies prevalent in Northern Pakistan and their performance during the 2015 Hindu Kush Earthquake[END_REF]. Hence, there is a need for fast, reliable, and effective applicable retrofit strategies in order to reduce the loss of life and the damage of property associated with a possible structural failure.

Four ½ scale one-bay, one-storey RC frame specimens were constructed, and infilled with hollow concrete masonry units. The first specimen was tested as-built with infill and was considered as a control specimen. The second and third specimens were strengthened with 10 mm and 20 mm thick UHPC diagonal strips, respectively. The 355 mm wide UHPC strips, were bonded onto one side of the infilled panel using high strength epoxy mortar (Sikadur-31 CF Slow). In order evaluate the efficiency of the proposed strengthening technique, a comparison was made with one of the existing methods, by testing a fourth specimen strengthened with 300 mm wide CFRP diagonal strips, bonded onto one side of the infill panel. In order to simulate the earthquake effect, all four specimens were subjected to quasistatic cyclic lateral loading, with columns subjected to an axial force having a constant magnitude equivalent to about one-tenth of the column's nominal axial load carrying capacity.

Objectives

The main objective of this study is to come up with an economical, structurally effective, and occupant friendly seismic rehabilitation solution to be used as a pre-earthquake strengthening technique for existing masonry infilled frame buildings. In addition to that, the proposed strengthening technique shall:

Be compatible with the local conditions such as materials, architecture, and workmanship practices.

Not require evacuation of the building and be applicable without causing too much disturbance to the occupants and/or interrupting the function of the building.

Combine high technology with traditional materials.

In order to fulfill these objectives, an experimental program was undertaken which aimed at:

Investigating the in-plane cyclic behavior of masonry infilled RC frames strengthened with Ultra-High Performance Concrete (UHPC) diagonal precast plates.

Examining the effect of UHPC plate thickness on the overall behavior of the infilled frame.

Testing the effectiveness of the proposed technique by comparing test results with those of a CFRP strengthened specimen.

Test Specimens

Preliminary Sizing of RC Frame

The fact that running an experimental study is an expensive and time consuming process, great deal of attention must be paid on the careful planning, designing, and detailing of the test specimens. Construction of the test specimens was planned considering all the details, and the instrumentation was designed considering the main objectives for this experimental research. Several factors were taken into consideration while deciding on the size of the RC frame elements. The height of the frame measured from the laboratory strong floor to the centerline of the top beam shall not exceed the actuator available height. Furthermore, the length of the frame was selected based on the available anchor locations within the laboratory strong floor in order to not only support the RC frame, but also to accommodate all the other necessary testing accessories. That being said, the aspect ratio of the infill wall (length of infill/height of infill) and the scaled dimensions of the reinforced concrete elements were selected to be representative of the existing buildings, as well as, to fall within the range found in previous research studies. Based on a survey of previous experimental programs, it was found that the aspect ratio ranged from 1.0 to 1.5 [START_REF] Binici | Analysis and design of FRP composites for seismic retrofit of infill walls in reinforced concrete frames[END_REF][START_REF] Altin | An experimental study on strengthening of masonry infilled RC frames using diagonal CFRP strips[END_REF][START_REF] Dehghani | Experimental Results and Conclusions Obtained On the Masonry-Infilled Concrete Frames Strengthened by CFRP[END_REF][START_REF] Ozkaynak | Quasi-static and pseudo-dynamic testing of infilled RC frames retrofitted with CFRP material[END_REF][START_REF] Tawfik Essa | Effect of infill wall on the ductility and behavior of high strength reinforced concrete frames[END_REF][START_REF] Dehghani | Engineered cementitious composites for strengthening masonry infilled reinforced concrete frames[END_REF][START_REF] Ismail | Quasi-static in-plane testing of FRCM strengthened nonductile reinforced concrete frames with masonry infills[END_REF]. An aspect ratio of 1.3 was found to be appropriate in order to avoid any problems arising from the previously mentioned space constraints, as well as, for being typical in nonductile masonry infilled framed buildings [START_REF] Ismail | Quasi-static in-plane testing of FRCM strengthened nonductile reinforced concrete frames with masonry infills[END_REF]. In additional to that, special attention was given to the weight of the specimen while sizing the RC frame. The total weight of the masonry infilled RC frame shall not exceed the capacity the crane or any other needed equipment available in the laboratory whenever the specimen had to be maneuvered around. A limiting value for the total weight of the specimen was 2.5 Tons. Following several trials, the global dimensions of the frame elements were selected and are shown in Figure 3-24. Lastly, the most important step was to predict the lateral load capacity of the infilled frame. 

Lateral Strength Prediction of Infilled RC Frame

The general consensus is that an equivalent diagonal strut approach may be successfully used for the design and evaluation studies of infilled frame systems. In FEMA 273 (1997), FEMA 306 (1998) andFEMA 356 (2000), it is suggested that the effective width of the diagonal compression strut that can be used to assess the stiffness and strength of an infill panel. The provisions are based on the early work of [START_REF] Mainstone | On the Stiffness and Strength of Infilled Frames[END_REF] and Mainstone and Weeks (1970).

The equivalent strut is represented by the actual infill thickness that is in contact with the frame, tinf, and the diagonal length, rinf, and an equivalent width, aeff, given by Equation (3-4):

Equation (3-4) Where Equation (3-5)
and hcol is the column height between centerlines of beams, in mm, hinf is the height of infill panel, in mm, Efe is the expected modulus of elasticity of frame material, in MPa, Eme is the expected modulus of elasticity of infill material, in MPa, Icol is the moment of inertial of column, in mm 4 , rinf is the diagonal length of infill panel, in mm, tinf is the thickness of infill panel and equivalent strut, in mm, and θ is the angle whose tangent is the infill height-to-length aspect ratio, in radians.

Equation (3-6)

The lateral load capacity of the masonry infilled frame, VINF, is predicted to be the summation of the shear capacity of the bare frame and the shear force that the masonry can resist and is calculated using Equation (3-7):

Equation (3-7)

Referring to Figure 3-25, the lateral strength of the bare frame, Vbare, was evaluated based on the based on the strong beam-weak column assumption and the occurrence of plastic hinges at the column ends leading to Equation (3-5):

Equation (3-8)
where Mu is the flexural capacity of the column, calculated while taking into account the effect of the applied axial load Nc; hcolumn is the clear height of the column. should not be considered as the limiting or ultimate load condition for infill walls, because the ultimate load is governed by either the capacity of the diagonal strut or the bed-joint sliding shear resistance (FEMA 306, 1999).

The shear strength of the masonry infill, Vmasonry, is determined as the least of the expected bed joint infill shear strength, Vine, and the compression failure strength of the equivalent diagonal strut, Vc, [START_REF] Ozkaynak | Quasi-static and pseudo-dynamic testing of infilled RC frames retrofitted with CFRP material[END_REF]. The former being calculated according to FEMA 273 (1997) using Equation (3-9a), while the latter according to FEMA 306 (1999)

using Equation (3-9b):

Equation (3-9a) Equation (3-9b)
where, Ani is the area of the net mortared section across infill wall, fvie is the expected shear strength of masonry infill, aeff is the effective width of the compression strut as defined below, tinf is the thickness of infill wall, and f'me90 is the expected strength of masonry in the horizontal direction, which may be set at 50% of the expected stacked prism strength f'me.

In order to determine the flexural capacity of the column, the P-M interaction diagram was constructed based on the data presented in Table 3-2. The nominal axial load carrying capacity of the column, Pn, was found to be 770 kN. In this study, it was assumed that an axial vertical force having a constant magnitude around 10% of Pu shall be applied on the top of each column in order to simulate the building dead load effects. Then, while taking into account the effect of the applied vertical load, the nominal flexural capacity of the column, Mn was found to be 18 kN.m. Using Equation (3-8) with a column height equaling to 1300 mm, and substituting Mu with Mn, the lateral strength of the bare frame, Vbare, was evaluated to be 61.5 kN.

Table 3- The width of the equivalent compression strut, aeff, was determined to be 252 mm based on the values reported in Table 3-3, and the shear strength of the masonry infill, Vmasonry, was calculated based on the data presented in Table 3-4. The expected shear strength of the masonry infill, fvie, and the modulus of elasticity of the infill material, Eme, were determined from the diagonal tension test of URM wallette and uniaxial compression test of masonry prisms, constructed with Type 1 masonry units. Details of Type 1 masonry units are found in Section 2.3.3. The expected bed joint infill shear strength, Vine, was determined to be 67.3 kN and the compression failure strength of the equivalent diagonal strut, Vc was found to be 66.6 kN.

Consequently, the shear strength of the masonry infill, Vmasonry, was selected as 66.6 kN.

Therefore, the lateral load capacity of the masonry infilled frame, VINF, was predicted using Equation (3-7) as:

It is worth noting that an infilled RC frame resisting a lateral load around this predicted level would have been considered as an ideal choice. Based on the findings presented in Chapter 2, it was expected that strengthening masonry infill walls with 10 mm and 20 mm UHPC diagonal strips layout would lead to about 2.2 to 2.8 times increase in the shear strength of masonry with an expected diagonal cracking failure mode. Consequently, it was expected that diagonal tension cracking initiates at the onset of 200 kN to 250 kN lateral load. However, diagonal tension cracking may be only considered as a serviceability limit for panels rather than an ultimate failure of the specimen. Once diagonal tension cracking takes place, the strut mechanism forms. Therefore, the maximum shear force developed in an infill wall corresponds either to the strut compression resistance or the sliding shear resistance. Subsequently, the specimen is expected to sustain higher lateral force level at ultimate strength than predicted.

Yet, there would be enough margin for the test to be entirely carried on without exceeding the 500 kN actuator's capacity. 

Description of Test Specimens

Four identical reinforced concrete frames were fabricated in a vertical position in order to replicate the construction sequence in real practice. The RC frame specimens were detailed and constructed to incorporate deficiencies observed in existing building stocks located in regions of medium to high seismicity. The following deficiencies were introduced in all four tested specimens:

Transverse reinforcement in the frame members having 90°hooks at their free ends.

Insufficient use of transverse reinforcement at both beam and column ends.

Lack of transverse reinforcement at beam-column joints.

Weak column-strong beam connections.

The construction of the test frames started with the preparation of the foundation beams used as a base for the frames and the masonry panels. These beams were cast with dowel bars extending 600 mm vertically at column locations. Afterwards, two columns were cast for each frame, and then connected by a top beam which protruded from the outer face of each vertical element. Finally, two short columns were added extending above the top beam. The casting of each RC frame element took place as soon as concrete in the preceding element has finally set.

Detailed dimensions of a typical RC frame is shown in Figures 3-24 top and bottom longitudinal deformed bars, each provided in three layers. In addition to that, 2 T16 longitudinal deformed bars were placed on both sides of the section. Four legs of T10 deformed bars stirrups were provided as transverse reinforcements in the foundation beam. In addition to that, the foundation beam hosted an embedded dowel system on each side of the columns, used in order to hold the column's axial load application system. Detailed crosssectional and longitudinal views, as well as reinforcement layouts of a typical RC frame elements can be found in Appendix A.

All four frames were infilled with concrete masonry units having the nominal dimensions 491 mm x 189 mm x 70 mm (length x height x width). The infill panels were constructed by a competent mason in order to achieve a satisfactory standard of workmanship.

The average thickness of the head and bed joints of the infill panels were approximately equal to 10 mm. The masonry infill walls were cured for 3 days by wetting their surfaces twice a day.

Each infill panel was 1.7 m long and 1.3 m height, which represents a ratio Lm/hm equal to 1.3. The concrete was provided by a commercial ready-mix supplier with a specific compressive strength of 50 MPa at 28 days.

Steel Reinforcement

12 mm diameter deformed bars were used as longitudinal reinforcement and 6 mm diameter smooth bars were used as transverse reinforcement for both top beam and columns.

In the foundation beam, 16 mm deformed bars were used as main longitudinal reinforcement, whereas, 10 mm diameter deformed bars were used as transverse reinforcement. Based on the direct tension test, Rebars had a yield strength fy= 500 MPa, an ultimate strength fu= 550 MPa.

The modulus of elasticity was found to be Es= 200,000 MPa with a yield strain = 0.002.

Masonry

Hollow concrete masonry blocks having the nominal dimensions 491 mm x 189 mm x 70 mm (length x height x width), were used to construct the infill walls. Uniaxial compression tests were conducted on three masonry prisms in order to determine the net compressive strength, f'm, and the modulus of elasticity, Em, of the masonry. Tests were performed according to ASTM C1314 (2012), and the mean net compressive strength, f'm, was determined to be 9.15 MPa (C.O.V. 11.9%), and Em= 7887 MPa (C.O.V. 1.50%). For a detailed evaluation of the net compressive strength and the modulus of elasticity of the type CMU-1 units, refer to Section 2.2.2.4.

Mortar

The mortar used to build the masonry panel was prepared using a commercial standard pre-mixed hydraulic cement mortar of the type t-mix MS. The pre-mix was delivered by the manufacturer to the researcher in 25 kg sealed bags. In order to prepare a workable mix, 3.25 liters of water were added to each 25 kg of premix product, which is equivalent to 13% of water content.

Flexural strength tests were performed according to ASTM C348 (2019) at 28 days.

Simply supported mortar prism samples with dimensions 40 mm x 40 mm x 160 mm were loaded at mid-span at a rate of 0.2 kN/s. The mean flexural strength was 3.80 MPa (C.O.V.

11.2%). The uniaxial compression strength tests were performed on 40 mm x 40 mm x 40 mm cube portions of prisms that were broken in flexure according to ASTM C349 (2014) at a rate of 2.4 kN/s. The mean compressive strength at 28 days was 10.2 MPa (C.O.V. 9.0%).

Ultra-High Performance Concrete Panels

Ultra-High Performance Concrete (UHPC) is regarded as a novel construction material which exhibits excellent durability and mechanical performance with very high compressive strength and non-brittle behavior. As a results, precast structural elements made using UHPC may have reduced cross-sectional dimensions, and hence lighter weight, which make them easily handled on site.

The intent of the diagonal compression test study presented in Chapter 2 was to identify the effect of the UHPC strip width and thickness on the in-plane shear strength of URM wallettes. Upon selection of the final strengthening layout, six main UHPC configurations were used for strengthening the masonry wallettes (diagonal strips with varying width and varying thickness). In the first three configurations, the thickness of UHPC strips was fixed and three different ratios of UHPC strip width to diagonal wall length were used (0.07, 0.12, and 0.18).

The next step was to fix the width of the UHPC strips and to vary their thicknesses (5 mm, 10 mm, and 20 mm). Experimental results clearly indicated that the influence of the UHPC strip thickness outweighs that of the strip width when considering the in-plane shear behavior of URM masonry wallettes subjected to a diagonal compressive load. In addition to that, it was observed that UMR wallettes strengthened using UHPC diagonal strips having a width equal to 0.12 times the infill diagonal length performed very similar to those reinforced UHPC strips having a width equal to 0.18 times the infill diagonal length in terms of strength, yet, the latter slightly outran the former in terms of ductility and energy dissipation capability.

As reported in the literature, [START_REF] Ismail | Quasi-static in-plane testing of FRCM strengthened nonductile reinforced concrete frames with masonry infills[END_REF] conducted an experimental study on masonry infilled RC frames strengthened with different FRCM configurations. The intent of their research was to identify the effect of FRCM strip width on the lateral behavior of the tested frames. Interestingly, it was reported that infilled frames strengthened using FRCM diagonal strips having a width equal to 1/6 of the infill diagonal length (0.166rinf) performed very similarly to other configurations and therefore was deemed the most effective configuration.

Furthermore, [START_REF] Altin | An experimental study on strengthening of masonry infilled RC frames using diagonal CFRP strips[END_REF] conducted an experimental study on masonry infilled RC frames strengthened with different diagonal CFRP strip configurations. One of the main targets in their study was to investigate the effects of CFRP strips width on the seismic behavior of the specimens. It was concluded that increasing the width of CFRP strips beyond 0.2 times the diagonal length of the infill wall had insignificant effect on the lateral behavior of the strengthened specimens.

Accordingly, the width of the UHPC plates was selected to be 0.165rinf, where rinf is the diagonal length of the infill panel. Two types of UHPC plates, Type-A and Type-B, having identical plan dimensions (fixed width) but different thicknesses were designed and cast to be bonded on the masonry infill substrate in this experimental study.

Type-A plates were 10 mm thick while Type-B were 20 mm thick. INF-UHPC10 specimen was strengthened using Type-A, while Type-B were used to strengthen INF-UPC20 specimen. It is worth mentioning that 5 mm thick UHPC plates were not considered in the case of the lateral cyclic load test. Larger size specimens require the use of UHPC plates having larger plan dimensions, and as a result, this would render a 5 mm thick plate very flexible, and susceptible to cracking either during handling or bonding process.

UHPC plates were cast into 355 mm x 500 mm molds, except for the middle plates which was cast into 500 mm x 500 mm molds, and then were cut into the required lengths and shapes to fit along the diagonal of the infill panel. Type-A and Type-B Molds were made of plywood and were 10 mm and 20 mm thick, respectively. Detailed geometry of the final required shapes of the UHPC plates is illustrated in Figure 3-27. As soon as mixing was completed, the UHPC was cast into the molds. The casting of all UHPC elements resulting from each batch was completed within 20 minutes after the completion of mixing. The molds were cleaned and coated with a thin film of mineral oil. The filling of molds was completed via small buckets used to move the UHPC from the mixing pan into the mold. The UHPC was poured in one end of the mold and was allowed to flow to the other end in order to complete the filling. Due to their relatively large size, the UHPC specimens could not be cast on a shaking table, and therefore were consolidated by tapping the sides of the molds 30 times with a mallet. Throughout the casting process, and due to the excellent rheological behavior of the UHPC mix that includes workability, self-placing, and selfdensifying properties (Azmee and Shafiq 2018), it was observed that little consolidation effort was needed to properly fill the molds.

The top surface of the freshly cast UHPC was finished with a trowel, and as soon as surface screeding was completed, the specimens were covered with plastic sheeting to prevent moisture loss of the exposed surface. The specimens then sat undisturbed until final set had occurred.

The UHPC strips were removed from the molds 48 hours after being cast and then placed in a curing cabinet for 28 days and were left there to cure at a temperature of 23 C and a humidity of 55%. The CFRP composite used in this study is branded under the name "FOREVA TFC" and is commercialized by FREYSSINET. It consists of a bidirectional fabric of carbon fibers, embedded in an epoxy matrix. The strength of the fabric is concentrated in the direction of the warp with 70% of the fibers along that direction and 30% of the fibers in the weft direction.

The CFRP strips were glued to the masonry substrate using a bi-component TFC epoxy resin "Eponal Résine" & "Eponal Durcisseur" (Resin + hardener).

TFC fabric is delivered in rolls at ordered length not exceeding 50 m. The fabric can be cut on the job site at the desired length using a pair of scissors.

The geometrical and tensile mechanical properties the CFRP and resin, as provide by the manufacturer, of are presented in Table 3-5. 

Strengthening Techniques

Prior to any strengthening process, the masonry substrate must be prepared. The wall surface must be cleaned by shopping-off the mortar protrusions with a hammer and blowingoff the dust using an air compressor. Lastly, the surface of the wall was wipe cleaned with a damp cloth to make sure that no loose or friable particles were left behind.

Two different strengthening techniques were used in this study, and the method statement followed during the application procedure of each technique is described in the following sections. UHPC plate-to-plate connections on the front side of the wall, and UHPC plate-to-frame connections on both sides of wall were provided by only a thin layer of epoxy mortar, which was used to fill the joints between adjacent elements. Special attention was paid for a complete filling of joints for providing successful connections.

The bonding procedure of the UHPC plates started 28 days after the masonry panels were built to allow mortar joints to develop their designated compressive strength. All UHPC plates were removed from the curing tank 3 days prior to being bonded and were left in open to dry. Eight mm diameter holes were drilled at the four corners of the masonry panel, through the wall thickness at specified locations where the bolts had to be installed. The plates and infill surface should be dry, clean, and dust-free before the application of the strengthening. The surfaces where the CFRP strips were applied on, were marked on the specimens.

The lengths of the CFRP strips were determined by measuring the diagonals. Within 300 mm from the start and end of each RC frame member, two holes were drilled, in the direction of the diagonal of the infill panel, having a 16 mm diameter and extending about 150 mm into the RC frame members. They were used to anchor the CFRP diagonal strips to the corners of the frame.

This would prevent early debonding, which allows the CFRP to perform as a tension strut and better transfers the force form the panel to the frame members.

The masonry wall and the holes were thoroughly cleaned from dust using a compressed air gun and a steel brush. Border lines were marked on the cleaned wall surface to mark the limits of the CFRP sheets, and then, a thin layer, about 2 mm thick, of Eponal TFC Epoxy resin prepared by mixing resin with hardener was applied on the masonry cleaned surface. Similarly, a thin layer of epoxy was applied on the CFRP sheet, prior to be bonded to each of the diagonal of the infill wall. After the placement of the CFRP diagonal sheets, the drilled holes were filled with epoxy, then, the anchor dowels were inserted in these holes. The free end fibers of the dowels sticking out from the holes were splayed over the underlying CFRP and glued as well.

The corners of the infill wall was further covered with a 300 mm x 300 mm CFRP gusset sheets to provide uniform stress distribution between the diagonal CFRP and the RC frame. 

Test Set-up

The main components of the test set-up consisted of an actuator, a laboratory strong floor, a reaction wall, and load cells.

The lateral force was applied using a servo controlled hydraulic actuator with 500 kN push/pull capacity, mounted between the reaction wall and the test specimen. The actuator had a ±50 mm stroke and was aligned with the central axis of the top beam. It was clamped to the test specimens at 1975 mm measured from the floor to the center of the top beam. The swivel head of the actuator was connected to two 30 mm thick steel plates (200 mm x 350 mm in size) using two 16 mm diameter threaded steel rods, with one steel plate placed on each end of the top beam of the test frame. The steel bars connecting the plates were loosely clamped in order not to cause a confining effect (external prestress) and these clamps were carefully checked before each test. This clamping system also avoids the application of any tensile force to the beam, as these bars were transmitting the pulling force to the other end of the beam in the form of a compressive force.

In order to simulate building dead load, vertical forces were applied at the top of each column using hydraulic jacks. The vertical load was constantly maintained by means of controlled pressure valves. The hydraulic jacks were hold in place by prestressing two high strength steel rods anchored into the foundation beam. The constant vertical force had a magnitude of 77 kN equivalent to about 10% of the column nominal axial capacity, Pn [START_REF] Ismail | Quasi-static in-plane testing of FRCM strengthened nonductile reinforced concrete frames with masonry infills[END_REF]. The magnitude of the vertical forces was measured using two load cells, having 300 kN capacity, placed between the hydraulic jacks and the top of the columns as illustrated in Figure 3-41. This load was force control in order to maintain a constant magnitude during testing. Shear deformations of the infill wall were measured by means of two diagonal LVDTs, and , having 50 mm strokes, mounted on the back side of the infill as shown in Figure 46. The transducers were glued on the masonry and were located 160 mm away from the infill corners in order to avoid localized effects, such as corner crushing. Their gauge length in both directions was 1820 mm.

In addition to that, two LVDTs, 5 and 6, with 100 mm strokes were used to monitor the relative vertical displacement between the base of the RC frame and the testing floor due to the deformations of the anchor system. Moreover, the Digital Image Correlation (DIC) technique was also deployed to monitor the experimental results, as described in Section 3.4.4. The surface of the reinforcing bars was properly prepared in those parts where the strain gauges were to be attached. The deformations of the bar were removed with a file, avoiding an excessive reduction of the bar section. Afterwards, the surface was abraded by cross hatching at 45°, using emery tape grade 60 and 200, and was cleaned with Methyl-Ethyl-Ketone to remove the dust and grease. The strain gauge was glued to the bar with Loctite 401 cyanoacrylate adhesive, which was applied in a thin layer on the prepared surface. Finally, the strain gauges were covered with a vinyl mastic tape to provide mechanical protection and additional insulation. The wires from the strain gauges were tied to the bars with waxed cotton thread. In this region, the wires were protected with a PVC flexible sleeve. All the strain gauges were checked for continuity and resistance to earth before the test.

Deformation, local reinforcement strains, and load measuring devices were subsequently cable-connected to the data acquisition system. A computer software package supplied together with the data acquisition system was operated for data acquisition. Force-top displacement diagram was continuously displayed to manage the experiment on the screen of the computer during the experiments and by the software as well. The data was exported at the end of the test and then processed. The test specimens were subjected to a quasi-static cyclic lateral loading. This technique, which is extensively used for investigating the seismic response of the reinforced concrete structures, does not attempt to simulate the displacement sequence induced by a specific earthquake record. Quasi-static actions allow the precise observation of the progress of damage and the degradation of strength and stiffness, and that is the main objective as the tests are intended to improve the understanding of the structural behavior [START_REF] Calvi | Testing of Masonry Structures for Seismic Assessment[END_REF].

In previous experimental studies, different quasi-static loading protocols have been adopted such as those proposed by ATC 24 (1992) andFEMA 461 (2007). These protocols recommend somewhat different loading histories, yet in most cases they only differ in details rather than in concept. The loading history in this study is similar to the protocol used by Di Luccio et al. (2017) and [START_REF] Reboul | Experimental study of the in-plane cyclic behaviour of masonry walls strengthened by composite materials[END_REF].

A sinusoidal displacement controlled quasi-static lateral cyclic loading was applied to the top beam with a frequency set to 0.05/amplitude to maintain a loading rate of approximately 0.05 mm/sec. The amplitude of the displacement controlled loading was increased as a percentage of drift until either the post peak strength dropped to 80% or whenever severe 

Experimental Results

This section presents the experimental results obtained from four masonry infilled RC frames tested under quasi-static lateral cyclic forces. The lateral forces, intended to simulate seismic actions, were applied to the test specimens by pushing and pulling the top beam.

Vertical loads were also applied at the top of the columns to simulate gravity loads and to introduce additional overturning moment to the specimens. The cyclic test routine was displacement controlled. Due to the characteristic response of the masonry infilled framed structures, the storey drift was selected as the controlling parameter. The terminology used in test observation is presented in Figure 3-50. of typical existing buildings found in many countries around the world, especially in many of the Latin American, Mediterranean, as well as in Asian countries [START_REF] Stavridis | Analytical and experimental study of seismic performance of reinforced concrete frames infilled with masonry walls[END_REF]Pallares et al., 2021). The experimental results of this specimen will serve as benchmark for the overall behavior and capacity of the specimens strengthened using UHPC and FRP.

Testing of the reference specimen was finished when excessive damage was observed in the masonry infill wall. In the third targeted displacement cycles, the lateral force reached 42.7 kN at 0.82 mm displacements (0.03% drift ratio). At this point, parts of the panel-frame interface between the infill and the west column began to crack, as well as, a 300 mm long shear sliding crack appeared to be extending from the west column side through one masonry course below the top beam. At this load level, the non-linear behavior stage has initiated with a slight decrease in the lateral stiffness.

The fourth targeted displacement marked the formation of horizontal cracks along the tension sides of the columns and the top beam. The frame was pushed by 1.41 mm to 0.1% drift ratio which resulted in a 66.4 kN horizontal force. Upon load reversal, the previously formed cracks closed, and new horizontal cracks opened in these frame elements due to a change in curvature.

In the fifth targeted displacement, the horizontal force was 91 kN at 2.04 mm displacement (0.14% drift ratio). During the first push cycle, a diagonal crack appeared towards the middle of the panel and continued horizontally through the mortar bed joint at about midheight. As the loading progressed, the horizontal crack changed to a stepped crack, running through the head and bed joints. During the following two repeated cycles, the diagonal and shear sliding cracks extended towards the loaded corners and the east column, respectively, upon load reversal.

During the first cycle of the sixth targeted displacement, the horizontal force was 108.8 kN at 2.71 mm displacement (0.19% drift ratio). The shear sliding crack at mid-height has crossed the entire section of the panel, and upon load reversal, a stepped crack running along the diagonal of the panel has developed in the opposite direction.

During the seventh targeted displacement cycles, the lateral load that has developed as a result of 3.81 mm (0.27% drift ratio) displacement was 126.6 kN. Around this load level, another stepped crack has formed in the masonry panel, running from the upper west joint and joined the horizontal crack at the mid-height of the panel.

The lateral load capacity of the reference specimen was reached at the eighth targeted displacement. The maximum load that was registered throughout the test was 139.4 kN. This occurred at 5.55 mm displacement during the push cycle, which corresponds to 0.39% storey drift. At this point, another shear sliding crack ran through the bed joint one course above the mid-height of the panel, and shear cracks appeared at both ends of the columns with approximately a 45 inclination during push and pull cycles.

Beyond the peak, three additional load cycles were applied and the test was concluded at the end of the eleventh targeted displacement cycles. At the end of the test, only 15% decrease in the lateral load capacity was observed; however, the lateral stiffness degraded significantly.

The test was terminated due to severe cracking in the masonry infill panel.

A 10.8% drop in the horizontal force occurred at the ninth targeted displacement to reach 124.3 kN at 9.66 mm displacement (0.68% drift ratio); however, the lateral force resisted by the specimen was stable afterwards, with only 4.1% decrease in the load carrying capacity between the 9 th and the 11 th targeted displacement. The horizontal force was 124.0 kN and 119.2 kN at 13.78 mm (0.97% drift ratio) and 16.73 mm (1.17% drift ratio) lateral displacements, respectively. This is caused by the fact that beyond the 9 th targeted displacement, the masonry infill panel became severely damaged and the behavior was controlled by the RC frame. Consequently, the effect of the panel-frame interaction at mid-column height was reflected by the formation of flexural cracks at columns mid-height. At this load level, non-linear behavior was initiated as a result of separation at the panel-frame interface at the lower west corner of the wall.

As the testing continued, the first major event occurred during the third cycle of the 7 th targeted displacement. A hairline diagonal crack started to form, in the middle of the panel and on the back-side of the infill wall, as soon as the lateral force reached 197.2 kN at 3.97 mm lateral displacement (0.28% drift ratio).

The initiation of the diagonal crack did not affect the strength of the specimen. INF-UHPC10 was able to sustain higher levels of horizontal forces during the three proceeding targeted displacement amplitude cycles; however, it has experienced a remarkable decrease in the lateral stiffness.

During the 8 th targeted displacement cycles, the specimen was pushed by 6.22 mm and 7.80 mm (0.44% drift ratio), achieving 241.3 kN lateral forces. It was only until the beginning of the second cycle of the 8 th targeted displacement, when cyclic strength degradation took place. The lateral load dropped by 8% and 11% during the second and the third cycles, respectively. Furthermore, hairline cracks have been seen in the RC frame elements at this point, and a short inclined crack has initiated at the beam-west column joint.

It is important to mention that the initiation of the diagonal crack on the back side of the infill wall coincided with the location of a panel-to-panel interface on the front side of the panel, and hence, the diagonal crack cut through the epoxy joint and not through the UHPC plates, whenever it appeared on the strengthened face.

The lateral load capacity of the reference specimen was reached at the 10 th targeted displacement cycles. The maximum load registered throughout the test was 275.8 kN. This has occurred at 8.78 mm displacement during the push cycle which corresponds to 0.62% storey drift. During the 10 th targeted displacement cycles, a short shear sliding crack, about 250 mm in length, which initiated across the third masonry course above the foundation beam. In addition to that, the diagonal beam-west column joint crack extended and another inclined crack appeared in the beam-east column joint upon load reversal.

Beyond the peak, three additional targeted displacement cycles were applied. During the 11 th targeted displacement cycles, the horizontal force developed in the INF-UHPC10 was 270 kN at 11.27 mm lateral displacement (0.79% drift ratio), only 2.1% smaller than the peak strength. Hairline flexure and shear cracks initiated in the columns and the top beam.

During the 12 th targeted displacement cycles, INF-UHPC10 resisted 252.0 kN at 13.45 mm (0.94% drift ratio). Columns and beam cracks extended but never grew wide. Additionally, few cracking appeared across the masonry panel.

During the last cycles, the horizontal force resisted by the specimen dropped by 9.25% with respect to the preceding targeted displacement, and reached 228.7 kN at 16.82 mm lateral displacement (1.18% drift ratio). During the final three cycles, previously formed cracks reopened and extended. Besides, minor separation could be seen at the frame-panel interface located at the lower west corner.

The test was terminated at the end of the 13 th targeted displacement cycles, after achieving 17.1% drop in the post-peak lateral load carrying capacity. At the end of the experiment, no sever cracking was shown in neither the frame elements nor the masonry panel.

Out-of-plane effects due to one side strengthening were unnoticeable throughout the experiment and no debonding occurred at the UHPC plate-masonry interface. It is important to mention that the initiation of the diagonal crack on the back side of the infill wall coincided with the location of a panel-to-panel interface on the front side of the panel, and hence, the diagonal crack cut through the epoxy joint and not through the UHPC plates, whenever it appeared on the strengthened face.

The lateral load capacity of the reference specimen was reached at the 9 th targeted displacement. The maximum load registered throughout the test was 285.8 kN. This occurred at 8.77 mm horizontal displacement which corresponds to 0.62% storey drift. At this load, a second diagonal crack has formed in the center of the panel along the bottom border of the UHPC panels during the first push cycle. During these cycles, the beam-west column joint crack appeared. Moreover, the beam-west column joint crack extended and another beam-east column joint crack appeared upon load reversal. Moreover, the second diagonal crack extended towards the loaded corners during the third displacement cycle.

At the 10 th targeted displacement, the horizontal force developed in the INF-UHPC20 was 270.3 kN at 11.46 mm horizontal displacement (0.8% drift ratio), only 5.4% smaller than the peak strength. Hairline flexure and shear cracks initiated in the columns and the top beam.

As a result of the formation of two diagonal cracks running adjacent to the borders of the UHPC diagonal plates, buckling of the infill panel took place along the loaded diagonal.

At the 11 th targeted displacement cycles, and as a result of buckling, the horizontal force developed in the INF-UHPC20 dropped suddenly by 23.8% with respect to the preceding targeted displacement and reached 206.1 kN at 12.89 mm lateral displacement (0.9% drift ratio). During the pull cycle, a diagonal crack has also extended from the lower west corner, running adjacent to the lower border of the UHPC plates.

The test was terminated at the end of the 11 th targeted displacement cycles, after achieving 27.9% drop in the post-peak lateral load carrying capacity.

Transverse splitting of masonry units has occurred along the buckled diagonal strip; however, no debonding occurred at the UHPC pal-masonry interface. Specimen INF-FRP is a masonry infilled RC frame strengthened using a 300 mm wide CFRP sheets. One layer of CFRP sheets was diagonally bonded onto one side of the masonry wall. The CFRP fabrics were anchored to RC frame members using specially formed anchors in order to prevent early debonding. In addition to that, the corners of the infill wall were covered with 300 mm x 300 mm CFRP gusset sheets, bonded onto the strengthened side of the panel, to provide uniform stress distribution between diagonal CFRP and RC frame.

The experimental results of this specimen will enable the researcher to examine the effectiveness of the proposed strengthening technique against one of the efficient rehabilitation and well established method for deficient reinforced concrete frames that has been used for the past two decades. It is worth to note that, the diagonal crack on the unstrengthened face of the infill has initiated after applying 18 displacement cycles for INF-FRP, 20 cycles for INF-UHPC10, and 21 cycles for INF-UHPC20. Moreover, the horizontal displacements at which the tensile strength of the masonry has been exceeded are comparable for all three strengthened infilled frames. However, the UHPC strengthened specimens were able to achieve higher strength at which the diagonal crack has initiated. The recorded lateral force was 70.4% and 33.5% higher for INF-UHPC20 and INF-UHPC20, respectively, with respect to INF-FRP.

Separation between the masonry panel and the surrounding frame at the tension corners took place early on during the test for the FRP strengthened specimen. As soon as the separation occurs, the tensile corners were stress free, while the compressed corners have experienced a substantial increase in the stress level. Beyond this point, the behavior of the composite structure was similar to that of a braced frame. On the other hand, the separation was delayed in the case of INF-UHPC10 and INF-UHPC20 specimens. Consequently, the ultra-high compressive strength of UHPC has allowed the tested frames to resist the lateral force by developing wider, and hence, stronger compression strut, as a result of a higher axial stiffness.

Thus, the UHPC strengthened masonry panel was able to resist larger stresses at the center of the panel as compared with CFRP strengthened specimen.

As the test continued, further separation at the tension corners occurred and the contact length at the panel-frame interface was reduced into a shorter distance extending from the loaded corners.

During the 8 th targeted displacement cycles, the specimen was pushed by 4. 

Strength

Alternating forces affect the capacity of the infilled frame to sustain the lateral resistance at large deformations. Even though the strength softening is a common characteristic of infilled frames, this effect is more pronounced when the structures are subjected to cyclic loading, because the unreinforced masonry panel degrades more rapidly. In this research, the cyclic tests conducted included full cycles of gradually increasing displacements; three reversals were applied for each displacement level.

The hysteresis loops measured during the tests are illustrated in Figure 3-67. They all showed strength and stiffness degradation. These phenomena were observed when the cycles were repeated for the same displacement level, as well as when the lateral displacement was increased. The degradation of the hysteresis loops was observed in all four specimens. The In specimen INF-UHPC10, the average losses of strength were about 6% and 9%, respectively.

On the other hand, INF-FRP and INF-UHPC20 specimens have shown slightly higher average losses of strength, about 7% and 13%, respectively, all in relation to the strength of the first cycle.

In addition to that, Figure 3 A great deal of attention is paid to the strength of the strengthened specimens in order to test the effectiveness of any rehabilitation technique. For that purpose, the lateral load carrying capacities of the tested frames were investigated, so as to evaluate their strength characteristics.

The cyclic envelope curves of the tested specimens are shown in Figure 3-68. The response envelopes are plotted by connecting the peak points of the load-displacement However, the UHPC strengthened specimens could not maintain the same rate of strength gain at peak load, as the recorded peak lateral strength was almost equal for both of them. The reason behind that may be attributed to the fact that failure of the infill was caused by a crack running through the epoxy joint, which is considered to be the line of weakness for the proposed rehabilitation system, rather than failure of the UHPC itself.

Moreover, severe damage was observed in specimen INF-UHPC20 as a result of the highly asymmetric stiffness caused by the use of relatively thick UHPC plates. Because the outof-plane phase depends primarily on the relative stiffness of the reinforcement, this resulted in out-of-plane failure of the infill panel, which was manifested by the buckling of the strengthened diagonal strip and jeopardized the stability of the wall. This rather inconvenient finding, highlights the advantages of the UHPC strengthening system. Due to its exceptional performance and advanced mechanical properties, UHPC allows to cast relatively thin strengthening elements with comparable performance to thicker ones without impairing the stability of the wall. Subsequently, this reduces the quantity of UHPC material needed, which reflects positively on the total rehabilitation cost. In addition, this also facilitates the on-site handling as a result of lighter precast UHPC elements, which in turn reduces the labor cost and interruption to the existing services and building occupants. Consequently, this makes the proposed UHPC strengthening system an occupant friendly, as well as a cost effective rehabilitation technique.

Lateral Stiffness

As a consequence of the damage in the infilled frame and the deterioration of the panelframe interfaces, the stiffness significantly decreases when the lateral displacement increases.

In order to evaluate this effect, the secant stiffness is usually calculated as the slope of the peak to peak line in each loop. However, in this research, only the first push half cycles were considered in the calculation of the secant stiffness of the test specimens, as shown in Figure 3-69. The initial stiffness was considered to be the secant stiffness of the first push cycle. The initial stiffness of the tested specimens are presented in Table 3-8. As can be seen from Figure 3-68, the strengthened specimens have significantly higher stiffness than that of the corresponding reference unstrengthened specimen, and the initial stiffness of the four test specimens decreases rapidly as the testing progresses. throughout the test up to a storey drift, = 0.8%. Afterwards, it has experienced a sudden 36% drop in the secant stiffness. This was caused by the transverse splitting of the masonry units along the loaded diagonal, followed by the buckling of the strengthened diagonal strip.

Energy Dissipation

Upon deformation of the structural system, the work done in this process is stored in the form of strain energy. Part of this energy is released in the unloading process, whereas the remaining energy is dissipated through different mechanisms. The energy dissipation capacity is regarded as an important parameter which influences the dynamic response, specifically for structures with sort natural period of vibration. Accordingly, it is one of the most important criteria used to assess the performance of masonry infilled RC frames during a seismic event.

Energy dissipation in infilled RC frames may be attributed to material damping, cracking and crushing of the panel, friction at the panel-frame interface and along the existing cracks in concrete and masonry, impact resulting from rocking of the panel inside the frame, yielding of steel reinforcements, hysteretic work of the frame members, as well as energy dissipated during the formation of new cracks (Crisafully 1997; [START_REF] Dehghani | Engineered cementitious composites for strengthening masonry infilled reinforced concrete frames[END_REF].

It is worth noting that great emphasis has been given to the energy dissipation capacity as a structural parameter to evaluate the cyclic response, although the measurement of energy capacity is only useful from a qualitative point of view. Other parameters, such as displacement at maximum force and strength degradation and ductility are important parameters to judge the behavior of the structure and its capacity to sustain alternating forces.

The dynamic response of infilled frames is considerably affected by the presence of masonry panels, due to a change of the lateral stiffness, the mass, and the damping ratio of the structure. Increasing the lateral stiffness results in a smaller fundamental period of the infilled frame buildings than that of the corresponding frame building, and hence, its effect outweighs the effect of increasing the mass on the seismic behavior of the system as concluded by [START_REF] Bertero | Infills in Seismic Resistant Building[END_REF]. However, rapid deterioration of the lateral stiffness of the system takes place, which leads to an increase in the period of the structure, compared with the initial period, even at the level of the service loads. 3-8 shows a comparison between the four tested specimens in terms of Cumulative ED at = 0.9%.

All four specimens have a comparable energy dissipation behavior up to a drift ratio, = 0.3%, which nearly corresponds to diagonal crack initiation in the strengthened specimens.

Then, a considerable progress was observed in the energy dissipation until failure. Beyond the peak lateral strength, the cumulative ED has exponentially increased in the UHPC strengthened specimens at a much higher rate than INF-FR due to the exceptional performance of UHPC in dissipating energy, hence a ductile behavior. Unlike in the case of specimens INF-REF and

INF-FRP, a minor separation at the panel-Frame interface has occurred in both UHPC strengthened specimens. Consequently, higher dissipated energy may be expected as a result of a better interaction at the Panel-frame interfaces. In addition to that, the UHPC diagonal strengthening technique has prevented local damages, as well as shear sliding failure, which has also improved the system ability to dissipate energy through friction at the masonry blockmortar interfaces throughout the test. Despite the fact that buckling of the compressed diagonal has occurred in INF-UHPC20 specimen towards the end of the test, however, this does not underestimate its energy dissipation ability throughout the test cycles.

The ratio ED/EA is plotted in Figure 3 The concept of equivalent viscous damping has been generalized for non-linear system (Comite Euro-International du Beton 1994). In this case, , represents not only the effect of damping, but also the energy dissipated by the specimens due to plastic work, and could be considered as the viscous damping factor of an equivalent linear elastic structure. For this reason, , is also an indirect measurement of the dissipated energy.

The equivalent viscous damping is calculated according to Equation (3-11) and the variation of the equivalent damping for the four specimens is illustrated in Figure 3-74. This also gives an indication of the ability of the structure to dissipate energy. Figure 3-74 shows that the variation of the equivalent damping throughout the test has followed the same trend as in the variation of the ratio ED/EA. Values of the equivalent damping ratio found in the literature have shown a wide scatter of results. Yamin and Garcia (1994) reported that varied from 3% 

INF-UHPC10

Figure 3-74. Variation of the Ratio ED/EA during the Test for the Four Specimens

Ductility

The term "ductility" in seismic design is defined as the ability of a structure to undergo large amplitude cyclic inelastic deformations without substantial loss in strength [START_REF] Park | Evaluation of ductility of structures and structural assemblages from laboratory testing[END_REF].

In general, ductile structures have the capacity to dissipate significant amount of energy during those inelastic deformation cycles. The displacement ductility factor, , is calculated as the ratio of the ultimate lateral displacement, u, to an equivalent yield displacement, y. When calculating the displacement ductility factor, the definition of the yield deformation often presents difficulties as the force-displacement response envelope may not have a well-defined yield point. This may be as a result of the non-linear behavior of the materials or due to yielding in different parts of the structure occurring at different load levels. Different alternative method have been proposed to idealize the response envelope curves and various definitions have been suggested in order to estimate the yield and ultimate displacements, y and u (FEMA 356 2000;Paulay and Priestly 1991;[START_REF] Park | Evaluation of ductility of structures and structural assemblages from laboratory testing[END_REF]. Figure 3-75 illustrates the idealized forcedisplacement curve used to estimate the ductility index. This idealization is adopted herein as it is considered the most realistic, since it applies to concrete and masonry structures [START_REF] Park | Evaluation of ductility of structures and structural assemblages from laboratory testing[END_REF]). In this method, the virtual limit was evaluated based on an equivalent Elasto-plastic system with reduced stiffness. The elastic initial slope of the bilinear curve, defined as the effective lateral stiffness of the system, is the secant stiffness which intersects with the actual curve at a lateral force of 0.75Vpeak. The plastic portion of the idealized curve is a horizontal line passing through the point of the peak lateral load. The vertical projection of the intersection between these two lines indicates the virtual deflection, y. The ultimate displacement u, is recognized as the post peak displacement when the load carrying capacity has undergone a 20% reduction in load [START_REF] Park | Evaluation of ductility of structures and structural assemblages from laboratory testing[END_REF]). The ductility factor was calculated using Equation need to be done by imposing appropriate patterning techniques such as spray painting, stencil, speckle patterning, or air brush (Saidi and Gabor 2019;[START_REF] Sutton | Image correlation for shape, motion and deformation measurements: basic concepts, theory and applications[END_REF][START_REF] Pan | Two-dimensional digital image correlation for in-plane displacement and strain measurement: a review[END_REF].

The idea of the DIC method is based on the principles of rigid body mechanics [START_REF] Chu | Application of digital-image-correlation techniques to experimental mechanics[END_REF]. The system consists mainly of a digital camera and specialized computer software. A camera is used to capture consecutive images of the surface of a tested object before and during the deformation period. The obtained digital image data is analyzed by the DIC software. The mathematical correlation analysis is applied. Finally, a set of displacement and deformation maps for the entire specimen surface is created [START_REF] Hagara | Q-STRESS v. 1.0 -A tool for determination of stress fields using digital image correlation systems[END_REF]Kujawińska et al., 2011).

Stress fields can be evaluated from strain fields.

During this experimental program, two-dimensional digital image correlation method (2D-DIC) was used to monitor the experimental test response in terms of observing the progression of the crack openings across the infill wall and the separation at the panel-frame interface. The DIC is post-processed by GOM Correlate software using a standard correlation procedure. At first, a region of interest (ROI) was identified to be the entire area of the infill wall plus a 50 mm extension into the surrounding RC frame element, as illustrated in Figure 3-77. The region of interest was then subdivided into small facets with well-defined pixel sizes by creating random speckle pattern within the region of interest by means of spraying painting.

These facets constitute the area of interest (AOI). The size of the AOIs is related to the dimensions of the speckled area; the larger the black spots, the larger the surface area of the AOIs. The dimensions of the facets are identified by the software, as well as by their corner-tocorner distance. Due to the unique pattern, each facet can be distinguished from other facets and thus can be identified in the deformed image. Based on the recorded changes in the location of facets in two consecutive images, the DIC software performs the calculation of the displacement and deformation using a correlation algorithm. This technique allows for the mapping of the displacement and strain field of the entire correlated surface (AOI) (Saidi and Gabor 2019).

In order to measure the in-plane deformations within the region of interest, a singlecamera system was positioned about 2.5 m to 3.0 m away from the center of the infill wall, placed with its optical axis normal to the surface of the specimen. The ROI for the four test specimens had the dimensions of 1800 mm x 1350 mm (Length x Height). The AOIs had a size of 30 pixels x 30 pixels, with a distance of 20 pixels between their centers. The "distance/pixel" ratio for this study varies between 6.66 pixel/mm and 8.33 pixel/mm, which is related to the distance between the camera and the specimen. The DIC hardware and analysis parameters are reported in Tables 3-10 and 3-11, respectively.

After recording the images obtained from the camera, the subsequent stage of the study was to evaluate the images by the GOM computer program. The DIC system is based on the correlation of digital images. A mathematical correlation analysis is applied to compare the digital images taken before deformation and during the deformation process. Finally, the last stage of the analysis was the visualization of the results. The output data is a set of displacement and deformation maps, which were used for evaluating masonry cracking and separation at the panel-frame interfaces, as will be presented in the following sub-sections. In additional to that, the lateral cracking strength of the masonry infill in the case of using 20 mm thick UHPC plates was 1.26 the times the corresponding value for the case of using 10 mm thick UHPC plates. However, the same rate of strength gain could not be achieved at the peak load level as both specimens sustained almost identical peak lateral load. The reason for that may be attributed to the fact that failure of the infill was caused by a crack running through the epoxy joint, which is considered to be the line of weakness for the proposed rehabilitation system, rather than failure of the UHPC itself. After carefully examining the crack patterns found in all tested units, it was determined that a diagonal tension crack was among the first cracks to initiate around the center of the infill wall. The diagonal tension crack soon propagated towards the loaded corners following several paths. However, that was not the case for specimen INF-FRP as the initiated diagonal cracks were restricted from extending as a result of the diagonal CFRP strips acting as tension ties.

The diagonal tension cracks selected for the sake of comparison for the four tested specimens are indicated in Figure 3-86. The selected cracks were chosen as a result of being the first ones to initiate, as well as being the widest among all the other cracks found in the masonry infills at the end of each test. On the other hand, the UHPC strengthened specimens behaved monolithically up to higher drift ratios, where the separation began at = 0.08% for specimen INF-UHPC20 and = 0.12% for specimen INF-UHPC10, corresponding to lateral forces of 82.9 kN and 115.6 kN, respectively.

The reason behind that may be attributed to the fact that UHPC strengthening system behaves primarily in compression as a result of its Ultra-High compressive strength characteristics. This also increased the axial stiffness of the compressed diagonal and allowed the masonry panel to resist larger compressive stresses. On the other hand, CFRP diagonal sheet mainly works in tension, acting as a tension tie and only resisting tensile stresses perpendicular to the compressed diagonal. However, at early stages of loading, the principal tensile stresses along the loaded diagonal are relatively low (Crisafully 1997), which reduces the contribution of the CFRP tension tie during the initial loading cycles. Regarding the UHPC strengthened specimens, two distinct behaviors may be identified.

The separation in specimen INF-UHPC10 grew at the lowest rate among the four tested specimens, where it has increased by only about 10 times the initial recorded value, and towards the end of test, it was barely noticeable by naked eye.

Specimen INF-UHPC20 may be said to have exhibited a rather complex behavior. As a matter of fact, the separation has progressed almost similar to that of specimen INF-UHPC10 up to 223.4 kN. At this load level, separation has already grown about 4.5 times in both UHPC strengthened specimens. However, beyond that limit, the separation at the panel-frame interface 

Conclusions

An extensive experimental program was undertaken to investigate the seismic behavior of non-ductile masonry infilled RC frames retrofitted with Ultra-High Performance Concrete precast plates (UHPC) diagonally bonded onto one side of the masonry substrate by means of high strength epoxy mortar (Sikadure-31). A total of four single-storey, one-bay RC frames were detailed and constructed to incorporate common deficiencies observed in existing buildings located in regions of medium to high seismicity. In order to simulate earthquake effects, test specimens were subjected to quasi-static cyclic lateral loading, while a constant magnitude axial load of 77 kN was maintained over each column. Two infilled framed were strengthened with UHPC diagonal plates, one was strengthened with CFRP diagonal sheets which served as an upper bound reference, and one frame was tested as-built with infill which served as a lower bound reference. The experimental test results were evaluated in terms of strength, stiffness, energy dissipation, equivalent viscous damping, and displacement ductility factor. The following conclusions can be drawn from the experimental study:

The proposed rehabilitation technique successfully improved the overall seismic response of non-ductile frames infilled with hollow concrete masonry blocks.

Strengthening masonry infills with diagonal UHPC plates delayed the separation at the panel-frame interface until a lateral drift of about 0.1%, while in the case of both lower and upper bound reference specimens, the infill wall started to separate from the surrounding frame elements at a lateral drift of about 0.06%.

Doubling the thickness of the UHPC plates from 10 mm to 20 mm resulted in 26% and 62% increase in the tensile strength of the masonry and the corresponding lateral drift, respectively. It also delayed the initiation of the first diagonal crack in the infill panel.

These findings came to be in line with test results presented in Chapter 2 in terms of the contribution of UHPC plate's thickness towards the in-plane shear strength of masonry.

However, both UHPC strengthened specimens attained almost the same peak lateral strength at about the same value of lateral drift, which rendered the contribution of increasing the thickness of the UHPC plate uneconomical and insignificant.

Both UHPC strengthened specimens failed by diagonal cracking of the infill panel. In both cases, the crack initiated through the epoxy filled joint at the UHPC plate-plate interface with no damage observed in the UHPC plates. This failure pattern may be the reason behind the insignificant contribution of the thickness of UHPC plates towards the peak lateral strength of the rehabilitated frames.

Both UHPC strengthened specimens behaved almost similarly, up to a lateral drift of about 0.8%. However, beyond that point, out-of-plane failure was observed in the specimen strengthened with 20 mm thick UHPC plates, which resulted in a sudden drop in the post-peak lateral load carrying capacity. On the other hand, smoother decay in the post-peak lateral load carrying capacity and better ductility were one of the main characteristics of the specimen strengthened with 10 mm thick UHPC plates.

Additionally, no signs of out-of-plane failure was observed in the specimen strengthened with 10 mm UHPC. This in turns suggests the insignificance of increasing the thickness of the UHPC retrofit.

The peak lateral strength of the UHPC strengthened specimens increased by about 100% and 30% with respect to the lower and upper bound reference specimens, respectively.

Furthermore, infilled frames strengthened with the proposed rehabilitation technique were able to attain higher lateral drifts at peak, 58% and 9% more than the lower and upper bound reference specimens, respectively.

The initial stiffness of both UHPC strengthened specimens was comparable to that of the CFRP strengthened specimens. It was found that strengthening infill walls with either UHPC or CFRP resulted in about 71% increase in the initial stiffness as compared with the as-built infilled frame. However, all tested frames suffered significant stiffness degradation, though the rate of stiffness was lower for the UHPC strengthened specimens.

Infilled frame strengthened with 10 mm thick UHPC plates had the ability to dissipate the highest amount of cumulative energy, being 3 times and 2 times larger than the cumulative energy dissipated by the lower and upper bound reference specimens, respectively. On the other hand, the infilled frame strengthened with 20 mm thick UHPC plates dissipated 2.25 and 1.25 higher cumulative energy than the lower and upper bound reference specimens, respectively.

Providing UHPC confining corner plates on both sides of the infill wall proved to be successful in eliminating corner crushing failure of the masonry panel and protected the adjacent RC frame elements from experiencing brittle shear failure, unlike the case of both lower and upper bound reference specimens where column and beam-column joint shear failures were observed.

Towards the end of the test, and despite being subjected to higher lateral forces, RC frame bounding elements in both UHPC strengthened infill panels did not suffer extensive cracking or steel yielding. Only minor cracking were observed, which clearly suggests that the proposed rehabilitation effectively upgraded the behavior of the infill panel by transforming the non-structural masonry wall into a strong bracing system able to sustain repeated cycles of lateral displacements and absorbed most of the damage without substantial loss of integrity or load carrying capacity, namely in the case of 10 mm thick UHPC retrofit.

It is important to mention that during testing, no sign of debonding was noted between the UHPC plates and the masonry substrate. It worth noting that even when buckling of the strengthened diagonal strip occurred, the 20 mm thick UHPC remained fully bonded onto the infill panel, and transverse splitting of the masonry units took place along the loaded diagonal.

In addition to the above, it was found that the thickness of the bonded UHPC strips significantly affected the in-plane shear strength of masonry panel while the contribution of the UHPC strip width was found to be marginal. However, in the cases were UHPC corners plates were not provided, the in-plane shear strength of the masonry significantly increased as the UHPC strip width increased. This may be explained by the fact that since corner crushing occurred in all almost all the cases where no corner plates were provided, wider UHPC strips only increased the load carrying capacity at which corner crushing failure occur. On the other hand, in the case were tested wallettes featured confining corner plates, the real contribution of the UHPC strip width could be evaluated at the onset of diagonal cracking failure. Despite the fact that the effect of increasing the width of the UHPC strips was only marginal in terms of inplane shear strength, in the presence of corner plates, yet it its effect was more pronounced in terms of ductility and failure energy.

Based on the outcomes of the in-plane shear behavior characterization test program, a second experimental study was conducted which aimed at investigating the lateral in-plane behavior of infilled RC frames retrofitted with the proposed technique. A total of four ½ scale single-storey, one-bay RC frames were detailed and constructed to incorporate common deficiencies observed in existing building stocks located in regions of medium to high seismicity, and were tested under quasi-static cyclic lateral loading, whilst a constant axial load of 77 kN was maintained over each column. Two infilled framed were strengthened with UHPC diagonal plates, one was strengthened with CFRP diagonal sheets to serve as an upper bound reference, and frame was tested as-build with masonry infill as a lower bound reference. Both UHPC strengthened specimens were confined with rectangular corners plates, transversely connected with threaded steel rods. The main tested variable was the thickness of the UHPC plates. The following conclusions can be drawn from the experimental study:

The proposed rehabilitation technique successfully improved the overall seismic response of non-ductile frames infilled with hollow concrete masonry blocks as well as it outperformed that of the CFRP strengthened specimen.

The thickness of the UHPC retrofit was found to improve the lateral cracking strength of masonry. However, the effect of doubling the UHPC thickness on the peak lateral strength was marginally negligible.

Bonding of thinner UHPC retrofit resulted in the most suitable in-plane lateral behavior in terms ductility and energy dissipation capacity.

Providing UHPC confining corner plates on both sides of the infill wall proved to be successful in avoiding corner crushing failure of the masonry panel and protected the adjacent RC frame elements from experiencing brittle shear failure.

Towards the end of test, little damage was observed in the bounding frames of the UHPC strengthened specimens. This is crucial during the event of a real earthquake as it may avoid catastrophic failure.

The proposed method would not require the complete evacuation of the building and would be applicable without causing too much disturbance to the occupants.

Recommendations for Future Research

The following recommendations may be suggested for future research, using the same test setup:

As diagonal cracking was seen to initiate across the epoxy filled joint at the UHPC plateplate interface in both of the UHPC strengthened specimens, it would be interesting to provide continuity in the UHPC at the intersection of the two opposite diagonals in an attempt to benefit from the relatively high tensile strength of the UHPC that may contribute towards further enhancing the cyclic response of the infilled frame structures.

Due to its Ultra-High performance and enhanced mechanical properties, it is worth considering to conduct cyclic lateral load tests on masonry infilled RC frames strengthened with smaller width UHPC plates (0.12rinf) in an attempt to validate the findings from the diagonal compression tests.

To perform analytical study in order to model the behavior of masonry infilled frames strengthened with the proposed UHPC retrofit technique, and thus to visualize the performance of the whole structure and to obtain the contribution of the strengthened hollow concrete infill walls to the behavior of the structural system.

Examine the possibility of bonding the UHPC plates using cementitious matrix 
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 11 Figure 1-1. Building Behavior during Earthquakes

Figure 1

 1 Figure 1-2. Building System Idealized as SDOF System
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 1 Figure 1-4 shows smoothed response spectra derived using approaches published by the Structural Engineers Association of California (SEAOC 1999).
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 1 Figure 1-4. Smoothed Design Response Spectra

Figure 1 -

 1 Figure 1-5 shows damage to the Imperial County Services Building after the 1979 Imperial Valley earthquake. The end walls in the building were discontinued in the first storey.Interior walls and the floor diaphragm connecting those walls to the end walls provided an adequate storey shear load path, but overturning moments under the end walls led to column failures.
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 11 Figure 1-5. Failure in the Ground Storey Columns due to Vertical Discontinuity caused by Overturning Moment
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 1 Figure 1-6. Failure in the Ground Storey Columns due to Vertical Discontinuity Caused by Large Drifts
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 1 Figure 1-7. Failure due to Torsional Vibration

  -8. Another common example is where infills are used in upper floors of a building, leaving a weak and flexible first floor that is vulnerable to excessive drift and failure.
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 1 Figure 1-8. Failure due to Interaction with Non-Structural Elements

  existing buildings. Local failure of the infill panels due to in-plane and out-of-plane mechanisms, but also due to a combination of both, can lead to a sudden drop in capacity and hence causes global brittle failure of the structure. Even in the event of lower intensity earthquakes, damage to infilled frames may lead to high economic losses and loss of life[START_REF] De Luca | The structural role played by masonry infills on RC building performances after the 2011 Lorca, Spain, earthquake[END_REF].
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 1 Figure 1-9. Comparison of in-plane response and deflections of frames[START_REF] Ismail | Quasi-static in-plane testing of FRCM strengthened nonductile reinforced concrete frames with masonry infills[END_REF] 
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 1 Figure 1-10. Soft First Storey Failure
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 1 Figure 1-13. Typical Earthquake Damage Patterns in Infilled RC Frames
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 1 Figure 1-14, have been designed and implemented over the past few decades in order to reduce the seismic vulnerability of structures.
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 1 Figure 1-14. Seismic Rehabilitation Strategies and Measures
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 1 Figure 1-15.
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 1 Figure 1-15. Strategy to Predict Structural and Non-Structural Components by Increasing Stiffness and Reducing Drift[START_REF] Moehle | State of Research on Seismic Retrofit of Concrete Building Structures in the US[END_REF] 
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 1 Figure 1-16. Earthquake Response of Conventional vs. Base Isolated Structures[START_REF] Mayes | Design of structures with seismic isolation[END_REF] 
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 1 Figure 1-18. Strategy of Increasing Deformation Capacity[START_REF] Moehle | State of Research on Seismic Retrofit of Concrete Building Structures in the US[END_REF] 
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 1 Figure 1-20. Effect of Local and Global Retrofit Measures on Building Properties[START_REF] Tsionis | Seismic Strengthening of RC Buildings, Institute for the Protection and Security of the Citizen[END_REF] 
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 1 Figure 1-21. Typical Strengthening Techniques[START_REF] Sugano | State -of -the -Art in Techniques for Rehabilitation of Buildings[END_REF] 

  Steel or reinforced concrete jacketing are the most common conventional strengthening techniques which are applied to increase the strength and ductility of RC members and masonry walls. Conventional techniques for the rehabilitation of masonry walls were reviewed byElGawady et al. (
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 1 Figure 1-22. Hardware Mesh used in Ferrocement (ElGawady et al. 2004) 
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 1 Figure 1-23. Reinforced Plaster Typical Dimensions (ElGawady et al. 2004) 
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 11 Figure 1-24. Application of Shotcrete ((ElGawady et al. 2004)
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 1 Figure 1-26. External Reinforcement (ElGawady et al. 2004) 
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 1 Figure 1-27. Placement of New Tie Columns in a Brick-Masonry Wall (ElGawady et al.
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 1 Figure 1-28. Center Coring Technique (Chuang and Zhuge 2005)

  conducted an experimental study on clay brick walls retrofitted by embedding glass FRP (GFRP) bars in the mortar joints, known as near-surface mounted (NSM) technique, and bonding external GFRP laminates. These strengthening systems resulted in a significantly improved in-plane behavior in terms of load carrying capacity and pseudo-ductility.[START_REF] Tumialan | Shear strengthening of masonry walls with FRP composites[END_REF] and[START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF] performed in-plane diagonal compression tests on concrete masonry walls strengthened with different arrangements of GFRP NSM bars and externally-bonded GFRP strips. Test results showed that FRP effectively increased shear capacity of masonry walls.[START_REF] Grando | Shear strengthening of URM clay walls with FRP systems[END_REF] subjected CMU and clay brick masonry walls strengthened with GFRP NSM bars, GFRP and carbon FRP (CFRP) laminates to an in-plan diagonal compressive load. Test results showed that both reinforcing systems remarkably improved the structural response of the strengthened panels.[START_REF] Yu | In-plane response of URM walls strengthened with GFRP reinforced polyurea[END_REF] performed an experimental program on CMU and clay brick URM walls subjected to in-plane diagonal compression and strengthened with various schemes of GFRP grid reinforced polyurea. Test results showed significant gain in the shear capacity of the strengthened specimens.[START_REF] Can | Investigation of seismic performance of in-plane aligned masonry panels strengthened with Carbon Fiber Reinforced Polymer[END_REF] conducted an experimental study on walls made of masonry brick, blended brick and aerated concrete blocks, strengthened with different CFRP layouts and subjected to a diagonal compression test. It was concluded that the strengthening systems effectively improved the in-plane shear strength and the energy dissipation capacity of the strengthened specimens. It is worth noting that irrespective of the strengthening layout, the retrofitted panels could more or less reach the same ultimate load under each of the different layouts.

  masonry infilled RC frames, as shown in Figures 1-29 and 1-30, respectively. Overall, it was concluded that the FRP technique is an effective technique for increasing the strength and stiffness of the masonryinfilled RC frames subjected to seismic loading. On the other hand, the brittle failure modes of the FRP strips and their inability to follow the high shear strain demand of the masonry-infill at peak load comprise the main drawbacks of the technique. A state-of-the-art review on the use of FRP for the strengthening and seismic retrofitting of masonry is found in[START_REF] Hollaway | Strengthening and rehabilitation of civil infrastructures using fibrereinforced polymer (FRP) composites[END_REF].
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 1 Figure 1-29. Strengthening of One-Storey Infilled RC Frame using CFRP (Nateghi andDehghani, 2008) 

  [START_REF] Akın | Testing and analysis of infilled reinforced concrete frames strengthened with CFRP reinforcement[END_REF] studied the effect of strengthening masonry infilled RC frames by means of CFRP fabrics. Consequently, eight 1/3 scale, one span, two story RC frames with two different length to height ratios were subjected to a reversed cyclic lateral load. Each series of test frames contained a bare and an infilled frame and two strengthened specimens. Based on test results, several conclusions were drawn:
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 1 31 depicts the application details and the lateral load test of a three storey infilled frame strengthened with of TRM.
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 1 Figure 1-31. Seismic Retrofitting of Masonry Infilled RC Frame with TRM[START_REF] Koutas | Seismic strengthening of masonry-infilled RC frames with TRM: experimental study[END_REF] 

  [START_REF] Prota | Experimental in-plane behavior of tuff masonry strengthened with cementitious matrix-grid composites[END_REF] andParisi et al. (2013) carried out comprehensive experimental testing on tuff masonry walls strengthened externally with different layouts of FRCM under inplane diagonal compression. Experimental data showed that FRCM significantly improved the strength and pseudo-ductility of the strengthened walls.[START_REF] Papanicolaou | Textile reinforced mortar (TRM) versus FRP as strengthening material of URM walls: in-plane cyclic loading[END_REF] studied the effectiveness of carbon-FRCM to retrofit perforated fired clay brick or solid stone block walls under in-plane lateral and out-of-plane cyclic loading. Test results again showed that FRCM provided a substantial gain in strength and pseudo-ductility.Babaeidarabad et al. (2013Babaeidarabad et al. ( & 2014) ) investigated the in-plane behavior of brick and concrete URM walls strengthened with carbon-FRCM subjected to diagonal compression. Test results proved the effectiveness of FRCM overlays to improve the shear strength and pseudo-ductility of the retrofitted specimens. Garcia et al. (2019) conducted an experimental study on clay brick and lime mortar masonry specimens retrofitted with different TRM systems. Specimens were subjected diagonal compression and the experimental results showed that TRM produced a beneficial increase of shear resistance and ductility of retrofitted panels.[START_REF] Wang | Comparison of different types of TRM composites for strengthening masonry panels[END_REF] investigated the effect of strengthening brick masonry walls retrofitted with different types of TRM tested under diagonal compression loading. Based on test results, it was concluded that strengthening with TRMs significantly enhanced the shear strength and ductility of masonry panels.Tukmen et al. (2019) carried out an experimental program to examine the in-plane and out-of-plane behavior of brick masonry walls strengthened with single-sided carbon-FRCM and deep mounted CFRP strips embedded in a viscous-elastic epoxy. The specimens were subjected to a diagonal compression test and the obtained results showed the effectiveness of single-sided carbon-FRCM overlay in improving the shear strength and ductility of strengthened masonry panels. Moreover, it was

1 .

 1 Definition of UHPCUltra-High Performance Concrete (UHPC), and sometimes referred to as Ultra-High

Figure 1 -

 1 Figure 1-32. Different types of special concrete[START_REF] Torregrosa | Dosage optimization and bolted connections for UHPFRC ties[END_REF] 

Figure 1 -

 1 Figure 1-33. Typical UHPC Mix Design Components[START_REF] Voort | Design and field testing of tapered H-shaped Ultra High Performance Concrete piles[END_REF] 
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 21 Figure 2-1. Denomination of Mortar Joints in the Masonry Panel and Assumed Stress State

Figure 2

 2 Figure 2-2. Test Set-up for the evaluation of the Shear Strength of Bed Joints (Crisafully,1997) 

Figure 2

 2 Figure 2-3. Test Set-up for the evaluation of the Shear Strength of Masonry Panels (Crisafully1997) 

Figure 2

 2 Figure 2-4. Alternative Procedures for evaluating of the Shear Strength of Masonry Panels(Crisafully, 1997) 

  ), which are based on different stress field definitions. The RILEM code considers a nonuniform shear stress field. Consequently, it is based on the[START_REF] Frocht | Recent advances in photoelasticity[END_REF] solution for elastic homogeneous isotropic continuum and adopts the same stress values as demonstrated by the linear elastic solution. On the contrary, the ASTM standard assumes a uniform shear stress field.
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 2 Figures 2-6a, 2-6b, 2-6c, and 2-6d. The occurrence of different failure modes depends on the physical and mechanical properties of the wall.

Figure 2

 2 Figure 2-6. Possible Failure Modes: (a) Shear Sliding, (b) Shear Friction, (c) Diagonal Tension, (d) Toe Crushing

with

  -7b. This couple changes the vertical stress distribution; it is assumed that one block half is subjected to a normal stress n1 and the other half to a smaller normal stress n2, as defined by Equation (2-2a) and Equation (2Cn= 2.0, where b and d are the height and the length of the masonry unit, respectively.[START_REF] Crisafulli | Shear strength of unreinforced masonry panels[END_REF] revised the Mann and Muller theory and proposed a more realistic distribution of normal and shear stresses acting on a block. According to[START_REF] Crisafulli | Shear strength of unreinforced masonry panels[END_REF], a uniform stress distrubution action on each block half is rather improbable and such stress distribution could only occur if the mortar behaves elastically. Therefore, a modified distribution of the vertical stresses induced by the couple was suggested, assuming a linear variation of normal stresses with a maximum value at the edges of the block and zero at the middle, as shown in Figure2-7c. Accordindly, the coefficient Cn was re-evaluated and a value of 1.5 was proposed instead.

  leads to failure in different ways, depending of the relative values of axial and shear stresses and a negative value of n1 or n2 represents a tensile stress.

Figure 2

 2 Figure 2-7. (a) Normal and Shear Stresses Acting on a Wall, (b) Normal and Shear Stresses Distribution in Block according to Mann and Muller (1982), (c) Normal and Shear Stresses Distribution in Block according to Crisafully et al.(1995) 

b

  , in which a modified Mohr-Coulomb relationship is presented by Equation (2-5): Equation (2-5) * 0 and * are the modified reduced cohesion and the coefficient of friction, respectively, which proposed by Crisafully et al. (1995) instead of the actual conservative coefficients that wereproposed byMann and Muller (1982), and are derived from Equation (2-6a) and Equation (and d are the height and length of the masonry unit, respectively.

  This type of failure, which is shown in Figure 2-6d, occurs when the compressive stress at the loading end exceeds the compressive strength of masonry. It happens when the wall is subjected to very high values of compressive stress. The shear strength in the case of this mode of failure is evaluated by Equation (2-11): Equation (2-11) Li et al. (2005) suggested that the horizontal force required to initiate toe crushing is derived from Equation (2-12): Equation (2-12)

Figure 2

 2 Figure 2-9. Failure Envelop of Unreinforced Masonry[START_REF] Li | Analysis of unreinforced masonry concrete walls strengthened with glass fiber-reinforced polymer bars[END_REF] 

  had 10 mm thick mortar bed and head joints. CMU-1 blocks had the nominal size 491 mm x 189 mm x 70 mm (length x height x thickness), while CMU-2 blocks had the nominal size 401 mm x 199 mm x 70 mm (length x height x thickness).

Figure 2 -

 2 Figure 2-10. Typical Constructed Masonry Wallette: (a) SET-A wall and (b) SET-B Wall

Figure 2 -

 2 Figure 2-11. W7A Masonry Wallette: (a) Front Side, (b) Back Side, (c) Diagonal Side View (Dimensions in mm)

Figure 2 -

 2 Figure 2-12. SET-B Strengthened Masonry Wallettes Wallette: (a) Front Side, (b) Back Side, (c) Diagonal Side View (Dimensions in mm)

  photographically shown in Figure2-13.

Figure 2 -

 2 Figure 2-13. Mixing of UHPC Including (clockwise from left) Water Addition, HRWA Addition, Pre-Paste Consistency, Fiber Addition, and Finished Mix[START_REF] Graybeal | Characterization of the behavior of ultra-high performance concrete[END_REF] 

  to prevent moisture loss of the exposed surface. The specimens then sat undisturbed until final set had occurred. A typical set of UHPC cast elements (strengthening strips as well as prisms) is shown in Figure 2-14.

Figure 2 - 14 .

 214 Figure 2-14. Typical Set of UHPC Cast Strips

Figure 2 -

 2 Figure 2-15. Material Characterization Tests of UHPC

  and 2-16b. The nominal dimensions of CMU-1 units were 491 mm x 189 mm x 70 mm (length x height x width) with a calculated net area of 20720 mm 2 and a unit weight of 23.4 kN/m 3 , whereas the nominal dimensions of CMU-2 units were 401 mm x 199 mm x 70 mm (length x height x width) with a calculated net area of 17951 mm2 and a unit weight of 23.6 kN/m 3 . Six masonry unit were randomly selected from each of the block types for testing.Before running the test, the specimen and the bearing surface of testing machine platens were cleaned. 12 mm thick rectangular plywood strips, 150 mm wide and 420 mm long, were positioned between the masonry unit and the steel rigid plates to avoid confinement effect induced by rigid steel contact and also to provide uniform load distribution. Then the specimen, including plywood strips, was vertically aligned with the center of thrust of the spherically seated steel bearing block of the testing machine. Upper platen was pushed down slowly to gently touch the specimen to achieve uniform seating. Uniaxial compression tests of individual masonry blocks were performed according to ASTM C140 (2018), as shown in Figure 2-17, with voids spanning vertically. The load was applied at a displacement controlled rate of 1 mm/min. The mean net compressive strength of CMU-1 blocks was 8.65 MPa (C.O.V. 13.86%) and that of CMU-2 blocks 14.7 MPa (C.O.V. 15.93%).
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 2 Figure 2-16. Photographs of: (a) CMU-1 unit, (b) CMU-2 Unit

Figure 2 -

 2 Figure 2-18. Masonry Prisms: (a) Prism-1 Specimens, (b) Prism-2 Specimens

Figure 2 -

 2 Figure 2-19. Set-up of Masonry Prism Compression test (Dimensions in mm)

Figure 2 -

 2 Figure 2-21a and 2-21b. The average modulus of elasticity (Em-1) for Prim-1 was 7887 MPa (C.O.V. 1.50%), equivalent to 862f'm-1, and (Em-2) for Prim-2 was 17016 MPa (C.O.V. 4.20%), equivalent to 805f'm-2. The measurement of Em based on the stress-strain values spanning between 0.05f'm and 0.33f'm as recommended by ASTM C1314 resulted in slightly higher values for the modulus of elasticity of masonry, 9608 MPa (1050f'm-1) and 19602 MPa (928f'm-2), for Prisms-1 and 2, respectively.Table 2-5 summarizes mean values of the properties of masonry components.

Figure 2 -

 2 Figure 2-22. Photographs of the Strengthened Process of Masonry wallettes

( 2015 )

 2015 in order to evaluate the in-plane shear strength of masonry panels. ASTM standard is based on an isotropic linearly elastic model and assumes a uniform shear stress flow along the loaded diagonal and that the diagonal compression test produces a pure shear stress state at the center of the panel, in this case the stress state is characterized by a τxy = σI = σII . Figure2-23 represents a comparison between the theoretical elastic solution and the ASTM approximate interpretation of the diagonal compression test by the Mohr's circle. According to ASTM E519 (2015), the shear stress Ss on net area, in MPa, induced by the diagonal compression load is calculated by the Equation (2-13): Equation (2-13)

  Figure 2-23. Interpretation of the Diagonal Compression Test According Theoretical Elastic Solution and ASTM, by the Mohr's Circle Representation

Figure 2 -

 2 Figure 2-24. Setup of Diagonal tension test and instrumentation (Dimensions in mm)

  -26 and those of SET-B specimens are depicted in Figures 2-27 to 2-33. The load application was stopped as soon as the panels began showing evident failure. Following experimental results, it could be interpreted that the proposed strengthening method has significantly increased the strength of those retrofitted specimens. As shown in Figure 2-26 and Figure 2-27, URM reference (W1A, W1B) and plastered (W2A, W2B) specimens behaved linearly until first

Figure 2 -Figure 2 Figure 2 Figure 2 Figure 2

 22222 Figure 2-26. Load-Displacement Curves of SET-A Tested Specimens

Figure 2 -

 2 Figure 2-35. Crack Pattern of W1A Specimen

  ) based on an LVDT gauge length, g, of 1000 mm in the direction parallel to loading. Maximum shear stress values for both SET-A and SET-B tested specimens are listed in column 2 of Table 2-6 and the shear stress-strain curves of tested SET-A and SET-B wallettes are shown in Figures 2-50 to 2-57. Unstrengthened test specimens, W1A, W2A, W1B, and W2B, behaved almost

FigureFigure 2

 2 Figure 2-50. Shear Stress-Strain Curves of SET-A Wallettes

Figure 3 - 1 .

 31 Figure 3-1. Equivalent Truss Mechanisms for Infilled Frames

Figure 3

 3 Figure 3-2. Normal and Shear Stresses Acting on a Loaded Corner

Figure 3

 3 Figure 3-3. Bending Moment, Shear and axial Force Diagrams for a typical Infilled Frame (Crisafully, 1997) 

Figure

  Figure 3-5 (Crisafully, 1997).

Figure 3

 3 Figure 3-5. Modes of Failure Found in Masonry Infill (Crisafully, 1997) 

Figure 3

 3 Figure 3-6. Stress Distribution into the Masonry Infill after Separation Occurs (Crisafully,1997) 

  Figure 3-7 shows an infill panel failing by the formation of large diagonal cracks with stepped pattern. This can be considered as the most frequent type of failure and the commonly observed mode of cracking in either experimental tests or in infilled framed buildings subjected to earthquakes.

Figure 3

 3 Figure 3-7. Stepped Cracking along the Mortar Joint

Figure 3

 3 Figure 3-8. Horizontal Sliding Failure

Figure 3 -

 3 Figure 3-10. Principle Stresses in a Masonry Panel after the Formation of a Horizontal Shear Crack

Figure 3 -

 3 Figure 3-12. Bending Moment, Shear and Axial force Diagrams in the Frame Members after the formation of a Horizontal Shear Crack (Crisafully, 1997) 

  -14a, usually appear in the cases of framed masonry structures which offer an improved panel-frame interface conditions, or in horizontally reinforced panels. However in other cases, the damage in the masonry panel concentrates in one or two cracks as shown in Figure 3-14b.
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 3 Figure 3-13. Biaxial Tension-Compression Stress State in the Masonry Panel

Figure 3 -

 3 Figure 3-15. Corner Crushing Failure of the Masonry Panel

Figure 3 -

 3 Figure 3-16. Flexural Cracking of Masonry Panel

Figure 3 -

 3 Figure 3-17. Failure Modes Found in Reinforced Concrete Frame Elements (Crisafully, 1997) 

Figure 3 -

 3 Figure 3-18. Flexural Collapse Mechanism with Plastic Hinge Formation at Member Ends

Figure 3 -

 3 Figure 3-20. Tension failure of the Column

Figure 3 -

 3 Figure 3-21. Bar Anchorage Failure

Figure 3 -

 3 Figure 3-22. Shear Failure of the Column

  Test specimens were labeled as follow: the first as INF-REF, the second as INF-UHPC10, the third as INF-UHPC20, and the fourth as INF-FRP. A description of the four test frames is found in Table 3-1.

Figure 3 -

 3 Figure 3-24. Dimensions of a Typical RC Frame (Dimensions in mm)

Figure 3 -

 3 Figure 3-25. Equilibrium Condition for the Evaluation of the Lateral Strength of the Bare Frame

  . The span length between the center-line of the columns is 1.9 m and the frame height from the face of foundation beam to the center-line of the top beam is 1.425 m. The cross-sectional dimensions of the columns were 150 mm x 200 mm reinforced with 4 T12 deformed longitudinal steel bars. The top beam was 150 mm x 250 mm (width x depth) reinforced with 2 T12 deformed longitudinal steel bars at the top and bottom. The transverse reinforcement used in the top beam as well as in both columns were 2 legs of 6 mm diameter plain bars spaced at 100 mm. The first and the last ties were placed at 50 mm from the bottom and top of the columns, as well as, the first stirrup was spaced at 50 mm from the face of support. Column longitudinal bars were spliced at bottom with a 600 mm lap length extending from the face of the foundation beam. A 450 mm x 550 mm (width x depth) strong foundation beam was provided at the bottom of the frame and used to connect the specimen to the laboratory strong floor. The beam was reinforced with 10 T16

  Figure 3-26. Photograph of a Test specimen

Figures 3 -

 3 Figures 3-28 to 3-31 illustrate the mixing, casting, and curing of the UHPC plates.Refer to Section 2.2.2.1, for a detailed description of the UHPC mix design and the mixing procedure.
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 3 Figure 3-27. Geometry of UHPC Plates (Dimensions in mm)

Figure 3 -

 3 Figure 3-28. UHPC Mixing

Figure

  Figure 3-32. Material Characterization Tests of UHPC \

1 .

 1 Figure3-33. The UHPC corner plates were transversely connected with 6 mm diameter threaded steel rods crossing the specimen between the opposite faces. Three threaded steel rods were inserted at each of the four corners and were tightened using nuts and washers, hence, providing additional confinement to the infill panel at four corners. Bolts layout and confinement details between the front and back sides corner plates are shown in Figure3-34.

  Figure 3-33. Proposed Strengthening Technique

Figure 3 -

 3 Figure 3-36. Bonding Procedure of the UHPC Plates

Figure 3 -

 3 Figure 3-37. Front and Rear View of the UHPC Strengthened Specimen

Figure

  Figure 3-38. CFRP Anchor

  Figure 3-39 depicts a schematic view of the CFRP strengthened specimen, and Figure 3-40 illustrates the several steps followed during the bonding of the CFRP sheets.

Figure 3 -

 3 Figure 3-39. Schematic View of INF-FRP Specimen

Figure 3 -

 3 Figure 3-41. Schematic View of the Test Set-up

Figure 3 - 1 .

 31 Figure 3-42. Schematic View of the Test Set-up

Figure 3 -

 3 Figure 3-45. Load Cell Locations

Figure 3 -

 3 Figure 3-46. Instrumentation

Figure 3 -

 3 Figure 3-47. Diagonal LVDTs Measuring Shear Deformation in Masonry Infill Wall

Figure 3 -

 3 Figure 3-48. Position of the Strain Gauges

  damage occurred. In the case of INF-REF, INF-FRP, and INF-UHPC10 specimens the drift amplitude reached 1.25%, while for the specimen INF-UHPC20 test cycles were stopped at a drift amplitude of 1% due to health and safety concerns. For each displacement level, three consecutive cycles were repeated to adequately capture the effect of strength and stiffness degradation. The applied lateral displacement routine is illustrated in Figure 3-49.

Figure 3 -

 3 Figure 3-49. Lateral Displacement Routine

  Figure 3-50. Terminology used in Test Observation

  INF-REF was subjected to 33 displacement cycles with a maximum storey drift = 1.17%. Towards the end of the test, the load carrying capacity has undergone about 15% reduction. The test was terminated to avoid the scatter of debris coming from the infill panel due to sever cracking, which could have caused disintegration of the infill wall, should any further excursions were to be applied. The LVDTs were removed from the specimen and a large displacement was applied to intensify the damage in the specimen and to emphasize the failure mechanism. The lateral force-displacement response of specimen INF-REF is shown in Figure3-51. Cracking at the panel-frame interface started at a force level of about 42.7 kN, causing a gradual decrease of the stiffness. As soon as the masonry cracked at 91 kN, the lateral stiffness decreased significantly. As the imposed displacement increased, the lateral strength of the unit augmented up to a maximum value of 139.4 kN at = 0.39%. Afterwards, the resistance continuously decayed to 119.2 kN in the final cycle. It is worth noting that the predicted analytical lateral strength of the infilled frame was in good agreement with the peak lateral load recorded during the cyclic load test, being only 8% smaller than the actual peak strength.

Figure 3 -

 3 Figure 3-51. Load-Displacement Curve of Specimen INF-REF

Figures 3 -

 3 Figures 3-52 and 3-53 show the specimen REF before and after the experiment. The loss of the bond strength of the bed joints at mid-height divided the masonry panel horizontally into two parts; however, it still interact with the bounding columns at the span length.

Figure 3 -

 3 Figure 3-52. Specimen INF-REF before the Experiment

Figure 3 -

 3 Figure 3-54. Load-Displacement Curve of Specimen INF-UHPC10

Figures 3 -

 3 Figures 3-55, 3-56 and 3-57 show the specimen INF-UHPC10 before and after the experiment; cracks pattern of the front and back sides are presented.

Figure 3 -

 3 Figure 3-55. Specimen INF-UHPC10 before the Experiment

Figure 3 -

 3 Figure 3-58. Load-Displacement Curve of Specimen INF-UHPC20

Figures

  Figures 53-9, 3-60, 3-61 and 3-62 show the specimen INF-UHPC20 before and after the experiment; the cracks pattern of the front and back sides are also presented.

Figure 3 -

 3 Figure 3-59. Specimen INF-UHPC10 before the Experiment

  Figure 3-63. Separation between the masonry panel and the frame has commenced early on

Figure 3 -

 3 Figure 3-63. Load-Displacement Curve of Specimen INF-FRP

  14 mm (0.29% drift ratio) and achieved 185 kN. Flexure and shear cracks have been seen in the RC frame elements at this point, and a short inclined crack has initiated at the beam-west column joint.The lateral load capacity of the reference specimen was reached at the 9 th targeted displacement. The maximum load registered throughout the test was 222.3 kN. This occurred at 7.79 mm horizontal displacement, which corresponds to 0.55% storey drift. Previously formed cracks in the infill and the frame elements have extended. Moreover, a shear sliding crack initiated during the third displacement cycle, at the mid-third length of the panel, extending along the bed joint of the second masonry course below the top beam.During the 10 th targeted displacement cycles, the horizontal force developed in the INF-UHPC20 dropped to 210.6 kN at 11.43 mm horizontal displacement (0.8% drift ratio), only 5.5% smaller than the peak strength. Another shear sliding crack has initiated in the bed joint of the first masonry course above the foundation beam, spanning across the mid-third length of the panel. A shear crack has started on the top interior face of the west column. This crack was caused by the sheer force transferred from the diagonal CFRP sheets to the column by means of CFRP anchors. In addition to that, crushing of the masonry unit at the top west corner has occurred as the compressive strength of the compression strut has been now exceeded.During the 11 th targeted displacement cycles, the horizontal force developed in the INF-UHPC10 dropped suddenly by 22.8% with respect to the preceding targeted displacement, and reached 181.0 kN at 13.45 mm lateral displacement. The sudden drop of lateral strength means that the behavior is now dictated by the frame. The previously formed shear crack extended and grew wider, as well as, a second shear crack appeared in the column, at the location of the CFRP anchors, just below the previous one and parallel to it.The test was terminated at the end of the 12 th targeted displacement cycles, after achieving 27.9% drop in the post-peak lateral load carrying capacity. Crushing of the masonry at the lower east corner has occurred and the lateral force developed in the INF-FRP has reached 160.1 kN at 17.02 mm lateral displacement(1.19% drift ratio).

Figures 3 -

 3 Figures 3-64, 3-65 and 3-66 show the specimen INF-FRP before and after the experiment; the cracks pattern of the front and back sides are also presented.

Figure 3 -

 3 Figure 3-64. Front side Crack Pattern of Specimen INF-FRP after the Experiment

  repetition of the cycles to equal lateral displacement was accompanied by a decrease in the lateral strength of the specimen and stiffness degradation in the re-loading branches. It was observed that cyclic strength degradation started to manifest as soon as cracking initiated in the masonry panel. The average losses of strength in the Specimen INF-REF during the second and third cycle were about 10% and 18%, respectively, in relation to the strength of the first cycle.

  -67 also shows that the loops of INF-UHPC10 and INF-UHPC20 specimens are wider than those of INF-REF and INF-FRP specimens, which indicates higher energy dissipation capacity. Moreover, unlike in the case of INF-REF and INF-FRP specimen, pinching was almost undetected in specimens INF-UHPC10 and INF-UHPC20.
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 3 Figure 3-69. Evaluation of the Secant Stiffness, Ks

Figure 3 -

 3 Figure 3-70. Stiffness Degradation as a Function of the Storey Drift,

Figure 3 -

 3 Figure 3-71. Evaluation of the Absorbed and Dissipated Energy

  -73 for the four tested specimens. It can be observed that the ratio ED/EA has increased for specimens INF-REF and INF-FRP as the test progressed, until they have reached their peak lateral strength, and then decreased gradually. The repetition of cycles to equal lateral displacement has produced a decrease in the energy dissipation capacity in specimens INF-REF and INF-FRP. The capacity of these specimens todissipate energy has decreased, in relative terms, as the test progressed due to the reduction of the area of the hysteresis loops produced by pinching. However, the energy dissipation capacity of specimens INF-UHPC10 and INF-UHPC20 has followed a rather increasing trend from start to end. Moreover, the effect of repeated cycles of equal lateral displacement on the energy dissipation capacity of the UHPC strengthened specimens was not important. As a matter of fact, INF-UHPC10 specimen was able to dissipate even higher energy during the second and third cycle of the same displacement magnitude.

Figure

  Figure 3-72. Cumulative Energy Dissipation

  Figure 3-75. Definition of Idealized Load Displacement Curve

  factor was calculated by generating a bilinear idealization of the response envelope curves, which are shown in Figure 3-76, for each of the four tested specimens during the push loading direction. The idealized parameter values along with the ductility factors are summarized in Table 3-9. Strengthened specimens have shown considerable displacement ductility factors. As reported in Table 3-9, all strengthened specimens have achieved reasonable displacement ductility factors. Examining the idealized curves presented in Figure 3-76 reveals that the effective yield strength, Fe, and yield displacement, y, of the UHPC strengthened specimens have increased by 2.0 and 1.25 times, respectively, relative to those of the lower bound reference specimen INF-REF. Similarly they have also increased by 1.25 and 1.1 times, respectively, relative to those of the upper bound non-destructive, non-contact and full-field optical measurement technique to measure strain fields in both in-plane (2D) and/or out-of-plane (3D) response. It consists of recording images at different stages of a test and tracking their deformation by comparing the changes in the image of the surface of a tested object before and after deformation. The method is based on tracking random speckle patterns assigned to the desired surface using the fundamental photogrammetry and digital image processing rules. The random speckle patterns
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 3 Figure 3-77. Definition of the ROI and AOI
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 3 Figure 3-78. Fully Developed Diagonal Crack in INF-REF Specimen

Figure 3 -

 3 Figure 3-80. Crack Initiation in INF-FRP Specimen

Figure 3 -

 3 Figure 3-82. Crack Initiation in INF-UHPC10 Specimen

Figure 3 -

 3 Figure 3-84. Final Cracked State of INF-UHPC10 Specimen

  Figure 3-86. Selected Diagonal Crack for Comparison

Figure 3 -

 3 Figure 3-89 shows that separation between the infill panel and bounding frame commenced at different load levels in each of the tested frames. For instance, separation initiated early on during the test, at very low drift ratios, around = 0.06%, for the specimens INF-REF and INF-FRP, corresponding to lateral forces of 42.7 kN and 71.8 kN, respectively.

Figure 3 -

 3 Figure 3-88. Selected Location for Comparison of Separation at Panel-frame Interface

  has increased exponentially until the end of test and has reached about 25 times the initial recorded value in specimen INF-UHPC20. The reason behind this behavior may be attributed to the out-of-plane failure of the infill panel, which affected the stability of the wall as the masonry panel have tended to progressively "walk out" of the frame enclosure.

Figure 3 -

 3 Figure 3-89. Lower left Corner Separation vs. Horizontal Load

Figure A- 3 .

 3 Figure A-3. Typical Column Elevation (Dimensions in mm)
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1.3.1. Seismic Vulnerability of Existing Buildings

  

	Earthquake-resistant design technology has progressed significantly in the last few
	decades. Collapse or serious damage of existing masonry and reinforced concrete buildings
	during strong earthquakes have resulted in significant economic losses, severe injuries, and loss
	of human lives. The strong earthquakes that occurred during the last decade in south Europe,
	such as in L'Aquila 2009, Italy; Lorca 2011, Spain; Emilia 2012, Italy; Kefalonia 2014, Greece;
	and Central Italy 2016, emphasized the problem of the poor seismic resistance of the existing
	EU building stocks.
	Numerous surveys carried out in the aftermath of recent earthquakes, especially in
	Europe (Athens 1999; L'Aquila 2009; Lorca 2011; Emilia 2012; Nepal 2015; and Central Italy

  ). SET-A masonry wallettes contained two control specimens and five UHPC strengthened specimens, while SET-B masonry wallettes contained three control specimens and thirteen UHPC strengthened specimens. The main test variables were the width and the thickness of the UHPC strips. The different shear test procedures and failure theories of masonry subjected to shear as reported in the literature are presented. In addition to that, material characterization tests are discussed in order to evaluate the mechanical properties of UHPC and masonry. Afterwards, diagonal tension test is explained and experimental results are presented. Finally, observations and conclusions drawn from this study are presented.Chapter 3 reports the experimental study on four concrete masonry infilled RC frames tested under quasi-static cyclic lateral load. One frame was tested as as-built with infill to serve as a lower bound reference, one infilled frame was strengthened with diagonal CFRP sheets to serve as an upper bound reference, and the remaining two infilled frames were strengthened with

diagonal UHPC plates. A large amount of experimental work related to the behavior of infilled frames was reviewed. The main characteristic of the response under lateral loading were discussed for infilled frames and a comprehensive classification of the modes of failure, both for masonry panel and the surrounding frame, was conducted. Details of the test specimens, instrumentation, test set-up, and loading routine are described. A comparison of the proposed UHPC strengthening technique with the already existing FRP system is made and test results in terms of strength, stiffness, energy dissipation, and equivalent viscous damping, as well as ductility factor are presented. In addition to that, cracking pattern across the masonry infill and separation at the panel-frame interface are discussed and displayed using two-dimensional digital image correlation (2D-DIC) method. At the end, observations and conclusions drawn from this study are presented.

Chapter 4 summarizes the conclusions obtained in this research projects and presents recommendations for future research work.

Table 2 -

 2 1 illustrate normalized values of stress components in the center of the panel based on uniform and nonuniform shear stress field assumptions. According to Brignola et al.
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 2 1. Normalized values of the stress components in the center of the panel based on uniform and nonuniform shear stress field assumptions

	Model	I	II	x	y	xy
	Frocht	0.52	1.68	0.58	0.58	1.10
	Numerical solution	0.5	1.62	0.56	0.56	1.05
	RILEM	0.5	1.62	0.56	0.56	1.05
	ASTM E519	0.707	0.707	0	0	0.707

Figure 2-5. Stress State in a Square Plate Subjected to Compressive Diagonal Force Based on the Elastic Linear Solution
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 2 2. Description of test specimens

		SET-A SPECIMENS
	Specimen Type	Tested Specimens	Specimen Description
	W1A: Reference	1	Unreinforced masonry wallette
	W2A: Plaster Only	1	Plastered masonry wallette on both sides
	W3A: UHPC 10x100-1S	1	Masonry wallette reinforced with 100 mm wide x 10 mm thick UHPC on 1 side only
	W4A: P-UHPC 10x100-1S	1	Plastered masonry wallette strengthened with 100mm wide x 10 mm thick UHPC on 1 side only
	W5A: UHPC 10x100-2S	1	Masonry wallette reinforced with 100 mm x and 10mm thick UHPC on 2 sides
	W6A: UHPC 10x170-1S	1	Masonry wallette reinforced with 170 mm wide x 10 mm thick UHPC on 1 side only
	W7A: UHPC 10x100-CP-B	1	Masonry wallette reinforced with 100mm wide x 10 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	Total Number of SET-A Tested Specimens	7	
			SET-B SPECIMENS
	Specimen Type	Tested Specimens	Specimen Description
	W1B: Reference	2	Unreinforced masonry wallette
	W2B: Plaster Only	1	Plastered masonry wallette on both sides
	W3B: UHPC 10x100-CP-B	3	Masonry wallette reinforced with 100 mm wide x 10 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	W4B: UHPC 10x170-CP-B	3	Masonry wallette reinforced with 170 mm wide x 10 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	W5B: UHPC 10x250-CP-B	3	Masonry wallette reinforced with 250 mm wide x 10 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	W6B: UHPC 5x170-CP-B	2	Masonry wallette reinforced with 170 mm wide x 5 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	W7B: UHPC 20x170-CP-B	1	Masonry wallette reinforced with 170 mm wide and 20 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	W8B: P-UHPC 10x100-CP-B	1	Plastered masonry wallette reinforced with 100 mm wide x 10 mm thick UHPC on 1 side + 2 sides corner plates and bolts
	Total Number of SET-B Tested Specimens	16	

Table 2 -

 2 3. Mechanical properties of UHPC

	Mechanical Property Symbol	Units	Value	C.O.V.	Standard
	Compressive Strength	f'c	MPa	150.1	[5.30%]	ASTM C349
	Flexural Strength	fr	MPa	29.0	[8.25%]	ASTM C348
	Splitting Strength	fsplit	MPa	17.6	[7.13%]	ASTM C496

  Flexural strength tests for all four mortar mixes were performed according to ASTM C348 (2019) at 28 days. Simply supported prism samples with dimensions 40 mm x 40 mm x 160 mm were loaded at mid-span at a rate of 0.2 kN/s. The mean flexural strength of Mortar 1 was 3.80 MPa (C.O.V. 15.2%), Mortar 2 was 3.00 MPa (C.O.V. 5.00%), Mortar 3 was 6.39

	MPa (C.O.V. 10.56%), and Mortar 4 was 3.95 MPa (C.O.V. 9.01%).
	Uniaxial compression strength tests were performed on 40 mm x 40 mm x 40 mm cube
	portions of prisms broken in flexure according to ASTM C349 (2014) at a rate of 2.4 kN/s. The
	mean compressive strength at 28 days of Mortar 1 was 13.0 MPa (C.O.V. 9.0%), Mortar 2 was
	7.80 MPa (C.O.V. 11.00%), Mortar 3 was 26.42 MPa (C.O.V. 11.66%), and Mortar 4 was 15.34
	MPa (C.O.V. 14.26%). Table 2-4 summarizes mean flexural and compressive strength for all
	four mortar mixes.
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 2 4. Flexural and Compressive Strength of Mortar Mixes

	Mortar Type	Mortar 1	Mortar 2	Mortar 3	Mortar 4
	Mechanical	fr			
	Property	(MPa)			
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 2 5. Properties of masonry components

		Property	Symbol	Units	Value	C.O.V.	Standard
	CMU-1	Dimensions	l x w x h	mm	491x189x70		
	Blocks	Compressive Strength Net area	f'c An	MPa mm2	8.65 20720	13.86%	ASTM C170
	Mortar-1	Compressive strength	f'c	MPa	13	9.00%	ASTM C349
		Compressive Strength	f'm-1	MPa	9.15	11.90%	ASTM C1314
	Prism-1	Modulus of Elasticity Modulus of Elasticity	Em 0.05-0.33 Em 0.05-0.7	MPa MPa	9608 7887	27.2% 1.50%	ASTM C1314 0.05f'm -0.7f'm
	CMU-2	Dimensions	l x w x h	mm	401x199x70		
	Blocks	Compressive Strength Net area	f'c An	MPa mm2	14.7 17951	15.93%	ASTM C170
	Mortar-3	Compressive strength	f'c	MPa	26.4	6.29%	ASTM C349
		Compressive Strength	f'm-2	MPa	21.13	13.07%	ASTM C1314
	Prism-2	Modulus of Elasticity Modulus of Elasticity	Em 0.05-0.33 Em 0.05-0.7	MPa MPa	19602 17016	9.73% 4.20%	ASTM C1314 0.05f'm -0.7f'm

Table 2

 2 

	-6. Technical information of Sikadur-31 epoxy mortar

Compressive Strength Modulus of Elasticity in Compression Tensile Strength in Flexure Tensile Strength Modulus of Elasticity in Tension

  

						Tensile
						Adhesion
						Strength
	47 MPa	2600 MPa	25 MPa	12 MPa	3000 MPa	>4 MPa
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 2 7. Experimental test results of SET-A and SET-B Specimens

	Specimen ID	Pu (kN)	Pu/Pu ref	Failure Mode
	W1A: Reference	55.7		Shear friction
	W2A: Plaster on both sides	70.6	1.27	Toe crushing
	W3A: UHPC 10x100-1S	75.9	1.36	Toe crushing
	W4A: P-UHPC 10x100	65.9	1.18	Toe crushing
	W5A: UHPC 10x100-2S	109.7	1.97	Transverse splitting
	W6A: UHPC 10x170-1S	101.2	1.82	Toe crushing
	W7A : UHPC 10x100-CP-B	82.4	1.48	Diagonal Cracking
	W1B: Reference	89.8 100.8		Toe crushing
	Average	95.3		
	W2B: Plaster on both sides	157.4	1.65	Toe crushing
		187.0		
	W3B: UHPC 10x100-CP-B	206.4	2.04	Diagonal Cracking
		188.8		
	Average	194.1		
		212.2		
	W4B: UHPC 10x170-CP-B	197.5	2.20	Diagonal Cracking
		218.6		
	Average	209.4		
		192.0		
	W5B: UHPC 10x250-CP-B	221.6	2.19	Diagonal Cracking
		211.7		
	Average	208.4		
	W6B: UHPC 5x170-CP-B	227.7 220.0	2.36	Diagonal Cracking
	Average	224.9		
	W7B: UHPC 20x170-CP-B	265.2	2.78	Diagonal Cracking
	W8B: P-UHPC 10x100-CP-B	250.6	2.63	Diagonal Cracking

  Table 2-8. Higher ability to dissipate energy is one of the main factors for a building to withstand sever seismic event. Tested specimens were able to dissipate energy in either of the following mechanisms:

	W4B	3.35	0.000487	2.35	0.000186	11.74	2.6	53.03
	UHPC 10x170-	3.12	0.000530	2.18	0.000161	12.57	3.3	63.13
	CP-B	3.45	0.000473	2.42	0.000176	13.08	2.7	53.50
	Average	3.30	0.000377	2.31	0.000175	12.46	2.9	56.55
	W5B	3.40	0.000425	2.38	0.000147	13.32	2.9	53.85
	3.03 new cracks formation, opening and closing of cracks, friction between existing cracks, crushing 0.000529 2.31 0.000164 12.71 3.2 73.99 UHPC 10x250-CP-B 3.50 0.000568 2.45 0.000159 12.56 3.6 76.40
	of masonry materials. UHPC deformation and cracking. Average 3.34 0.000497 2.34 0.000157	12.86	3.2	68.08
	W6B	Table 2-8. Calculated Behavior of SET-A and SET-B Specimens 3.59 0.000652 2.51 0.000183 12.51 3.6	78.00
	Specimen ID UHPC 5x170-CP-B Average	u (MPa) 3.50 3.55	u (mm/mm) 0.000605 0.000629	cr (MPa) 2.45 2.49	cr (mm/mm) 0.000169 0.000176	12.54 G (GPa) 12.53	3.6 μ 3.6	79.21 Failure Energy 78.61
	W7B							(kN.mm)
	UHPC 20x170-	4.19	0.000265	2.93	0.000160	17.43	1.6	49.12
	(1) CP-B	(2)	(3)	(4)	(5)	(6)	(7)	(8)
	W8B W1A Reference P-UHPC 10x100-	0.95 3.96	0.000202 0.000644	0.67 2.77	0.000202 0.000194	5.55 13.61	1.0 3.3	6.40 93.12
	W2A CP-B							
	Plaster on both	1.21	0.000275	0.85	0.000275	6.22	1.0	10.80
	sides							
	W3A	1.29	0.000292	0.90	0.000141	6.46	2.1	14.10
	UHPC 10x100-1S							
	W4A	1.13	0.000237	0.79	0.000113	6.59	2.1	8.92
	P-UHPC 10x100							
	W5A	1.73	0.000478	1.21	0.000184	6.58	2.6	33.08
	UHPC 10x100-2S							
	W6A	1.60	0.000477	1.12	0.000198	7.01	2.4	33.34
	UHPC 10x170-1S							
	W7A							
	P-UHPC 10x100-	1.41	0.000471	0.99	0.000156	6.31	3.0	26.2
	CP-B							
	W1B	1.33	0.000149	0.93	0.000149	12.46	1.0	7.21
	Reference	1.59	0.000143	1.11	0.000143	11.62	1.0	7.72
	Average	1.50	0.000146	1.02	0.000146	12.04	1.0	7.47
	W2B							
	Plaster on both	2.48	0.000186	1.74	0.000186	14.05	1.0	14.2
	sides							
	W3B	2.95	0.000447	2.07	0.000162	12.33	2.8	44.38
	UHPC 10x100-	3.26	0.000392	2.28	0.000176	12.19	2.3	41.48
	CP-B	2.98	0.000382	2.09	0.000159	12.76	2.4	40.43
	Average	3.06	0.000407	2.14	0.000166	12.43	2.5	42.10
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 3 1. Description of Test Specimens

	Frame	Label	Strengthened	Description
	Frame 1	INF-REF	NO	Unstrengthen infilled RC frame
	Frame 2 INF-UHPC10	YES	Infilled RC frame strengthened with 10 mm thick UHPC diagonal strips
	Frame 3 INF-UHPC20	YES	Infilled RC frame strengthened with 20 mm thick UHPC diagonal strips
	Frame 4	INF-FRP	YES	Infilled RC frame strengthened with FRP diagonal strips

Table 3 -

 3 3. Properties for the Evaluation of the Equivalent Compression Strut Width

	rinf (mm)	f'me (MPa	Eme (MPa)	f'c (MPa)	Θ (rad)	
	2140	9.5	7,887	35	0.653	0.002072

Table 3 -

 3 4. Properties for the Evaluation of the Shear Strength of the Infill

	tinf (mm)	Ani (mm2)	f'vie (MPa)	f'me90 (MPa)
	150 x 200	71,400	0.95	4.75

Table 3

 3 

		-5. Tensile Properties of the CFRP Composite
	Material	Width	Thickness	Elastic Modulus	Ultimate Strain
		(mm)	(mm)	(MPa)	(%)
	CFRP	300	0.48	230000	2.1
	Epoxy Resin	-	-	2300 ± 120	2.4 ± 0.3%

Table 3 -

 3 7. Cracking Lateral Strength of Test Specimens

	Specimen	Cracking Lateral Strength PCrack (kN)	Drift Ratio at Cracking Load Crack (%)	Ratio Pspecimen/PINF-REF
	INF-REF	91.0	0.14	1.0
	INF-FRP	147.6	0.18	1.62
	INF-UHPC10	197.2	0.28	2.16
	INF-UHPC20	251.6	0.45	2.76
	The tensile strength of masonry has been exceeded for INF-REF at around a force level
	of 91.0 kN at 0.14% drift ratio, INF-UHPC10 at around a force level of 197.2 kN at 0.28% drift
	ratio, INF-UHPC20 at around a force level of 251.6 kN at 0.45% drift ratio, and INF-FRP at
	around a force level of 147.6 kN at 0.18% drift ratio. Therefore, strengthening the infilled
	frames with 10 mm and 20 mm thick UHPC diagonal plates increased the tensile strength of
	URM by 2.16 and 2.76 times, respectively, with respect to the lower bound reference specimen,

INF-REF, whereas, the tensile strength has only improved by 1.62 times in the case of FRP diagonal strip strengthening. This finding agrees well with the experimental results presented in Chapter 2, where the strengthening of masonry wallettes using 10 mm and 20 mm UHPC diagonal strips improved the tensile strength of URM by 2.20 and 2.78 times, respectively.

  REF, the specimens strengthened with 10 mm and 20 mm thick UHPC plates led to 72% and 75% increase in the initial stiffness, respectively. Likewise, the CFRP strengthened specimen let to comparable increase in the initial stiffness, about 71%. It is worth mentioning that increasing the thickness of the UHPC plates from 10 mm to 20 mm has only increased the initial stiffness by a negligible 1.7%.

However, it is interesting to note that INF-UHPC10, INF-UHPC20 and INF-FRP specimens have approximately the same values of initial stiffness, 93.5 kN/mm, 95.2 kN/mm, and 92.8 kN/mm, respectively. On the other hand, when compared with the lower bound reference specimen INF-

Table 3

 3 

		-8. Initial Stiffness of Test Specimens
	Specimen	Initial Stiffness Ks (kN/mm)	Ratio Ks-specimen/Ks-INF-REF
	INF-REF	54.4	1.0
	INF-FRP	92.8	1.71
	INF-UHPC10	93.5	1.72
	INF-UHPC20	95.2	1.75

Table 3

 3 

		-9. Cumulative Dissipated Energy at = 0.9%	
	Specimen	Cumulative Dissipated Energy ED (N.m)	Ratio
	INF-REF	11,600	1.0
	INF-FRP	18,100	1.56
	INF-UHPC10	34,000	2.93
	INF-UHPC20	36,676	3.16

  different specimens with a reduction of this parameter for increasing values of the lateral displacement, which indicates a diminution in the energy dissipation capacity. On the contrary, Liauw andKwan (1982) indicated that increased significantly when the lateral displacement was increased, and the values ranged from 2.3% to 12.8% of the critical damping.

	0.8 1.0 1.2 1.4 1.6 to 16% for Crisafully (1997) also calculated the equivalent damping ratio and the values presented ranged D /E A INF-UHPC10
	from 3% to 22%.	E	0.6							
			0.4							
			0.2							
			0.0					INF-REF
			1.6 Equivalent Damping	1 12% 2% 4% 6% 8% 10%	2	3	4	5 INF-UHPC20 6 7 Cycle Number 8	9 10 11 12 13
			1.4	0%						
			1.2		1	2	3	4	5 Cycle Number 6 7	8	9 10 11
			1.0							
		A								
		D /E	0.8							
		E								
			0.6							
			0.4					INF-FRP
			0.0 0.2 Equivalent Damping	12% 1 2% 4% 6% 8% 10%	2	3		4	5 Cycle Number 6 7	8	9	10	11
				0%						
					1	2	3	4	5	6	7	8	9 10 11 12
									Cycle Number
				12%						
			Equivalent Damping	2% 4% 6% 8% 10%						
				0%						
					1 2 3 4 5 6 7 8 9 10 11 12 13
									Cycle Number

Beam-Column Joint Failure

High normal and tangential stresses develop along the contact lengths in the regions adjacent to the loaded corners. Hence high values of shear forces and bending moments develop in the loaded corners. Wide diagonal cracks may form in the beam-column joints due to the stress state induced in these regions. These cracks run from the interior to the exterior corner of the joint. Figure 3-23 display the joint crack pattern as reported by [START_REF] Leuchars | Masonry Infill Panels[END_REF]. Diagonal cracks which occur in the beam-column joints form in one direction only. Upon load reversal, the effects significantly decrease in these joints and the diagonal force acts on the opposite joint.

The behavior of the infilled frame is negatively affected by the failure of the beam-column joint, since the lateral forces are no longer properly transferred from the floor beam to the columns and the masonry panel. In addition to that, the joint strength degrades significantly due to the formation of diagonal cracks. Consequently, higher stresses are induced in the infill panel as a result of the reduction in the contact length at the loaded corner and in the width of the equivalent strut. On the other hand, comparing the test results of the four tested frames, it was found that the proposed strengthening technique resulted in a considerable increase in the tensile strength of masonry. Comparison of the cracking lateral load strength of the specimens along with their corresponding storey drift ratios are presented in Table 34567.

Inertial forces induced in the structure may be altered due to the variation of the period caused by the presence of the masonry infills which in turns changes the seismic actions. For that reason, the effect of masonry infill should be always taken into consideration in the design and analysis of infilled frame building to mitigate the unfavorable arising conditions. As recommended by [START_REF] Paulay | Seismic design of reinforced concrete and masonry buildings[END_REF], the natural period should be calculated based on the post separation structural stiffness.

The damping ratio, , defined as the ratio of the damping to the critical value may evaluated based on energy considerations. The absorbed strain energy, EA, for a single degree of freedom linear elastic system in a half cycle is calculated using Equation (3-10):

where K is the decant stiffness calculated for each half loop as shown in Figure 69.

Assuming a linear viscous damping, the relationship between the damping force and the displacement are elliptic curves, which area represents the dissipated energy, ED, also equal to the variation of the kinetic energy between the beginning and the end of the cycle. Based on the these hypotheses, the damping ratio is calculated using Equation (3-11) (Megenes and [START_REF] Magenes | In-plane seismic response of brick masonry walls[END_REF]:

In those cases, where the damping is of non-linear viscous form, the damping force displacement relationships are not elliptical. Nevertheless, ED may be obtained as the area of the hysteresis loop, whereas EA is calculated using Equation (3-10). Therefore, it is possible to evaluate an equivalent viscous damping ratio, which when used in the linear viscous form, dissipates the same amount of energy as in the linear case [START_REF] Chopra | Dynamics of Structures: Theory and Applications to Earthquake Engineering[END_REF]. The significance of EA and ED is illustrated in Figure 3 Step size 20 pixels/12.5 mm

Subset shape function Affine Interpolant Bilinear

Virtual strain gauge size 80 pixels/50 mm for measurement of the crack width Strain formulation Technical strain

Crack Pattern and Diagonal Crack Opening

The DIC technique offers the advantage of continuous tracking of crack initiation and progression across the defined region of interest, as previously defined in Figure 3-77, for each of the four tested specimens. During the testing, several crack patterns were found to manifest across the masonry infill panels. These were shear sliding cracks through bed joints, shear frictions stepped cracks running through the head and bed joints, and diagonal cracks initiating at the center of the panel, then extending towards the loaded corners. It is worth noting that a combination of these crack mechanisms could be found together in the same specimen. 

Final Conclusions

The experimental program in this research is essentially focused on the seismic response of masonry infilled reinforced concrete frames retrofitted with UHPC precast plates, bonded onto masonry walls by means of high strength epoxy mortar. However, emphasis is also given to understand the in-plane shear behavior of masonry, which has a significant effect on the behavior of infilled frame structures. For that purpose, an extensive experimental program was undertaken involving two distinct, yet inter-related studies.

The first study mainly focused on testing 1000 mm x 1000 mm x 70 mm URM wallettes under the effect of a monotonic diagonal compressive load. Accordingly, twenty three masonry wallettes were constructed by a professional mason, of which eighteen were strengthened with different UHPC configurations. The main test variables were the width and thickness of the UHPC retrofit. Tested also as variables were the effect of masonry compressive strength, the contribution of plaster overlays and the benefits of providing UHPC corner plates on both sides of the masonry panel on the overall in-plane response of the wallettes. Based on diagonal compression test results, it was concluded that:

The proposed UHPC strengthening technique can be very effective in significantly increasing the in-plane strength and ductility of URM walls.

The Confinement of the loaded corners by providing UHPC corner plates on both sides of the wallette, transversely connected with threaded steel rods, proved to be a key factor towards the success of the retrofitting technique. Confining the loaded corners protected against premature corner crushing failure and allowed the retrofitted walls to reach higher in-plane diagonal loads.

The compressive strength of masonry was found to remarkably affect the shear strength unstrengthened specimens and the application of plaster overlays was found to increase the in-plane shear strength and the elastic shear modulus of URM walls. The rate of shear strength gain is proportional to the compressive strength of plaster overlays, the higher the compressive strength, the higher the shear strength gain. However, the increase of the shear elastic stiffness was found not to be affected by the compressive strength of plaster overlays. 

APPENDIX A: REINFORCEMENT DETAILS OF TEST SPECIMENS