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Abstract: Despite achieving consensus and having current knowledge on the behaviour and contri-
bution of masonry infill walls, there remain unresolved issues regarding their nonlinear behaviour
as a method for strengthening existing reinforced concrete (RC) frames with effective modifications,
primarily infills and the interconnection of infills and frames. The challenge for safely and economi-
cally designing frames with competent walls is to utilise the stiffening benefits while ensuring that
the increased lateral forces and reduced drift capacity do not hinder performance. This study aims
to investigate the potential of using masonry infill to strengthen previously slightly damaged RC
frames. Experimental tests were conducted on previously slightly damaged RC frame specimens
infilled with vertically hollowed-clay and solid-clay masonry units, connected to the frame elements
using traditional methods (i.e., avoiding the use of modern composite materials). These strengthened
infilled frame structures were subjected to constant vertical and cyclic lateral loading, which revealed
improved stiffness, strength, and damping characteristics, enhancing their overall behaviour. As the
main novelties, the study found that when damaged RC frames were strengthened with masonry
infill walls, their performance resembled that of undamaged infilled RC frames. The strengthened
infilled frame structures exhibited enhanced stiffness, strength, and hysteretic damping. The increase
in stiffness was observed regardless of the type of masonry units and the strengthening technique
employed. However, the improvements in strength and hysteretic damping were influenced by the
specific masonry units, particularly their robustness, and the chosen reinforcement method.

Keywords: reinforced-concrete frame; masonry infill; seismic strengthening; strengthened infilled
frames; experimental testing

1. Introduction

The use of masonry walls to infill RC frames is prevalent in Southern and Eastern
Europe and the contribution of these infills is well understood by researchers and engineers.
However, accurately considering the complex interaction between the infill and the frame
during design is challenging given that it is a highly nonlinear problem. As a result, the
contribution of infills is frequently overlooked not only during the design phase but also in
the seismic evaluation and strengthening of existing or damaged buildings.

The research community has extensively studied masonry infills due to their significant
contribution to a structure’s lateral strength and stiffness. In many cases, this contribution
is beneficial, as they act as a weaker version of shear walls. However, uneven height-
wise or floor-wise positioning or partial construction within a bay’s height can lead to
adverse effects [1,2]. Considering the positive effects of infills and their low construction
cost, the authors have proposed using them as strengthening elements. As a potential
seismic strengthening technique, the primary objective and novelty of this research are to
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investigate the positive effects of adding different types of traditional reinforced masonry
infills connected to existing RC frame elements for seismic actions.

A preliminary assessment of the seismic capacity of existing (and damaged) RC
buildings is essential to the planning, design, and selection of an appropriate seismic
strategy for the strengthening of buildings. This assessment often involves nonlinear
numerical investigations using simplified displacement-based procedures to derive capacity
curves that can provide a quick and reliable estimate of the building’s seismic performance.
The numerical results obtained from the simplified displacement-based procedures should
typically be validated and supplemented with the results of nonlinear dynamic analyses [3].

1.1. A Concise Overview of Masonry Infill Behaviour

The use of masonry infill walls can have both positive and negative effects, as reported
in previous studies [4]. The presence of an infill wall alters the lateral-load response
mechanisms of the composite structure, and the behaviour of the structure is not simply
the sum of its components [5–8]. Strengthened infilled frame structures have been found
to exhibit higher stiffness, strength, and hysteretic energy-dissipation capacity than bare-
frame structures, as noted in previous studies [9–12,12–15]. However, they also experience
higher seismic forces and may have some detrimental global effects, such as the formation
of a soft storey mechanism, increased torsional effects, and pronounced local effects, such
as shear failure of columns, beams, and beam-column joints.

When subjected to lateral loading, strengthened infilled frame structures behave as
composite structures, similar to those experienced during an earthquake. Failure typically
initiates in the weaker component, whether it be the RC frame or masonry infill, and
can manifest in various modes. Therefore, experimental research plays a crucial role in
accurately assessing the behaviour of such structures. This is particularly relevant when
considering the use of masonry infill as a strengthening technique for existing or damaged
RC frames, as it is necessary to determine the impact of various masonry-strengthening
methods on the lateral load-carrying capacity of the RC frames [16–20].

Previous experimental investigations on the behaviour of RC frames with masonry
infill walls under static and dynamic lateral cyclic loads have been conducted [21–32]. The
findings have demonstrated that infill walls can significantly increase the strength and
stiffness of RC frames compared to bare frames. While conventional seismic design mainly
focuses on acceleration and strength, it can be challenging to recognise the benefits of
increased stiffness. However, both research and field evidence [6,33–41] have indicated that
increased stiffness is advantageous as it reduces the magnitude of the deformations caused
by ground motions. This study revealed that the increase in lateral forces and reduction in
drift capacity did not impede the anticipated performance of buildings during earthquakes.

The addition of masonry infill walls to RC frames can enhance the seismic performance
of a building and increase its overall seismic performance level. This is an economical
solution for strengthening relatively weak or damaged RC frames. To investigate this,
six 1:2.5 scaled one-storey one-bay damaged “strong” RC frames (designed according to
Eurocode 8) were strengthened with two types of masonry infill walls (solid-clay brick
and vertically hollowed-clay block units with mortar) in three different ways to secure
the shear connection between the infill and the frame. The specimens were subjected
to constant vertical and cyclic lateral loading, and their test results were compared with
those of undamaged bare frames and undamaged RC frames with hollow-clay masonry
infill. The results showed that the addition of masonry infill increased the initial stiffness,
maximum lateral strength, and hysteretic damping, and decreased the drift demand. The
behaviour of damaged and undamaged RC frames with masonry infill was similar, and
the strength of the masonry units was the most important parameter for the behaviour of
the strengthened infilled frames. The behaviour factor of the strengthened infilled frames
was between that of confined masonry and RC frame structures. All strengthened infilled
frames had drift capacities greater than 1.2%, and their expected average nonlinear drifts
when exposed to earthquake ground motions in the highest seismic regions of Croatia
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remained below that value [10]. The highest seismic regions refer to country areas with the
highest seismic hazard risk in Croatia, where the maximum expected acceleration is 0.36 g
for a return period of 475 years and soil type A, as indicated by the earthquake hazard
maps for Croatia in the national annex to Eurocode 8 [42]. Furthermore, following the
strong earthquakes in Zagreb and Petrinja in 2020, which caused significant destruction and
losses, the Croatian public’s awareness of the earthquake hazard in Croatia has increased
significantly over the last three years [43].

1.2. Overview of Seismic Retrofitting for Existing RC Structures

Improving the seismic resistance of existing RC structures is crucial for ensuring
their safety and functionality during earthquakes. There are several widely adopted
strengthening or retrofitting techniques that can be used to enhance the seismic performance
of these structures.

On the basis of how they “treat” the structure, seismic upgrading techniques can be
divided into two broad categories. First, there are those that operate at the element level
(Local measures), followed by those that operate on the entire structure (Global measures).
Obviously, when it comes to enhancing a specific structure, it may be necessary to combine
various techniques, taking into account its unique characteristics, in order to provide a cost-
effective strengthening scheme. On the basis of their age and the materials used, the seismic
intervention techniques can also be subdivided into conventional and novel techniques.

The local upgrading techniques involve the application of measures to particular struc-
tural elements of a building in order to improve their mechanical properties. The general
concept is to add some type of external reinforcement to the existing beam/column/joint
member in order to increase its flexural and/or shear capacity and ductility [1–3,44–46].
Local strengthening measures can be classified into the following categories:

1. RC Jacketing: This method involves adding a layer of new concrete around the existing
structural members. Reinforcement bars are typically used to connect the new concrete
layer to the existing structure, which can result in increased strength, stiffness, and
confinement of the RC members.

2. Steel Jacketing: Steel plates or jackets are attached to the existing RC columns or
beams to increase their strength and stiffness. This technique enhances the load-
carrying capacity of the structural members, preventing buckling or premature failure
during earthquakes.

3. Fibre Reinforced Polymer (FRP) Wrapping: FRP materials, such as carbon, glass, or
aramid fibres, can be applied as sheets or laminates to the surface of the RC structure.
This technique increases the confinement of concrete, resulting in improved strength,
ductility, and energy dissipation capacity during seismic events.

4. Textile Reinforced Mortar (TRM): TRM has demonstrated superior performance to
FRP as a strengthening material at high temperatures, whereas the TRM mechanical
behaviour has also been found satisfactory after exposure to fire. These textiles are
meshes of long woven, knitted, or even unwoven fibre rovings in at least two (usually
orthogonal) orientations.

5. Hybrid Jacketing Systems: FRP/TRM jackets with near surface mounted (NSM) rein-
forcement, FRP and steel jacketing, Steel/FRP and high-performance materials.

When a significant increase in lateral load capacity or stiffness is required for a struc-
ture, local retrofitting measures may not be sufficient or may result in uneconomical
solutions. In these cases, global measures are utilised, focusing on either increasing the
structure’s lateral strength and stiffness or reducing seismic demand. Increasing lateral
strength and stiffness is typically accomplished by adding new structural elements to the
existing building, which significantly enhances its lateral resistance. Alternatively, reducing
earthquake-induced forces on a structure can be achieved through the use of base isolation
systems or energy-dissipating devices, such as dampers. This overview presents state-of-
the-art retrofitting approaches suitable for RC buildings [1–3,44–46]. Global strengthening
measures can be classified into the following categories:
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1. Bracing Systems: These new elements help manage lateral loads while working along-
side existing frame members, requiring careful attention to their connections and the
increased axial loads on columns. Retrofitting work typically occurs on the struc-
ture’s outer frames, minimising living space reduction and occupancy disruption.
Various bracing types, such as concentric bracing, can be employed in RC structures
to resist horizontal seismic forces through axially loaded members. These systems
include concentric braces, eccentric braces, buckling-restrained braces (BRBs), and
steel exoskeletons.

2. External Post-Tensioning: This technique involves applying prestressing force to the
existing structure using high-strength steel tendons. These tendons are anchored to
the structure and apply a compressive force, which can improve the overall structural
integrity and capacity to resist seismic loads.

3. Structural RC Walls: Adding structural RC walls or moment-resisting frames (MRF)
can enhance the lateral load resistance and overall stability of the structure. RC shear
walls are highly effective at minimising inter-story drifts, mitigating irregularities,
and averting soft-story failure mechanisms. These elements help redistribute seismic
forces, reducing the demand on the existing structural members. This includes precast
concrete panels (PCP) as an alternative way of strengthening RC frames via infilling.

4. Infill Walls: Masonry or RC infill walls can be added between the structural frames
of a building to increase its stiffness and lateral load resistance. These walls can
also provide additional energy dissipation capacity during seismic events. This in-
cludes: addition/modification of infills, unreinforced and lightly reinforced masonry
infills, engineered cementitious composites (ECC)-strengthened masonry infills, FRP-
strengthened masonry infills, TRM-strengthened masonry infills, TRM-jacketing com-
bined with thermal insulation for integrated retrofitting, and isolated masonry infills.

5. Rocking walls: Shear walls can be designed to allow uplifting and rocking at their
base, resulting in minimal damage, no loss of strength or stiffness, and no residual
deformations, aided by the use of tendons. Energy dissipation is achieved through
the rocking action, and it can be enhanced by incorporating additional dissipating
devices. Reinforcement is necessary for the corner regions of the wall due to the high
compressive strains induced by the rocking action, and shear keys must be installed
at the wall’s end to prevent sliding.

6. Base Isolation: This technique separates the structure from the ground using isolation
bearings or devices, which allow the structure to move independently from the ground
motion during an earthquake. This significantly reduces the seismic forces transmitted
to the structure, minimising the potential for damage.

7. Passive Energy Dissipation Systems: The installation of passive energy dissipation
systems is an alternative to base isolation in terms of reducing the seismic demands
of a given building. The purpose of these devices is to dissipate the greatest amount
of seismic energy so that the remaining structural components are not damaged.
Visco-elastic dampers, friction dampers, viscous-fluid dampers, tuned mass dampers
(TMDs), and tuned liquid dampers (TLDs).

2. Damaged RC Frame Specimens

This study aimed to investigate whether the use of masonry infill walls could enhance
the resilience of RC frames or repair those that have been slightly damaged. To test
this hypothesis, an experimental program was created. The objective was to develop a
composite structure of frame and infill wall that could withstand displacement cycles in
the nonlinear range by improving the displacement capacity.

As part of a larger research project [47], ten RC frames were constructed and tested
under constant vertical and in-plane reversed cyclic loading. The RC frame specimens
were designed in accordance with EC2 [48] and EC8 [49,50] standards, without considering
the influence of masonry infill, as DCM-ductility-class structures. The specimens had
dimensions of 2.2 m width and 1.5 m height, with columns and beam cross-sections of



Buildings 2023, 13, 1021 5 of 21

20 × 20 cm and 12 × 20 cm, respectively. The span-to-height ratio of the opening was
h/l = 0.72. The concrete materials used were C30/37, and the reinforcement was B500B.
The longitudinal reinforcement ratio of the columns was ρv = 2.36%, while the beams had
reinforcement ratios of ρv = 1.31% at the mid-span and ρv = 3.27% at the ends. Figure 1
provides details of the specimens, cross-sections, and reinforcement. All frames underwent
previous testing twice, where they were pushed to drifts of about 1.5% [9,51]. Furthermore,
drift will be referred to as IDR, i.e., inter-storey drift ratio, expressed as rotation, i.e., storey
displacement divided by storey height, in percentages.
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Figure 1. RC frame specimens, reinforcement details, and element cross-sections (A-A, B-B and C-C).

The observed damage on the specimens ranged from Moderate to Heavy, with Cracks
to Large cracks (terminology defined in [52]) in columns and beam-column joints, spalling
of concrete cover, buckling of reinforcing bars, and concrete crushing. To repair such
damage, spalled and loose concrete was replaced with fast-setting concrete mortar, and
masonry infill walls were connected to the frame in three traditional ways. Two types of
masonry units with different strength properties were used: high-strength solid-clay bricks
and medium-strength hollow-clay block units. The mechanical properties of the concrete,
steel, masonry units, mortar, and masonry wallets were tested according to relevant codes
and were combined as part of wider experimental tests of related systems as part of a
joint scientific project [9,51,53,54] and summarised in Table 1 in terms of mean values and
coefficients of variation (COV).

Table 1. Mean values and coefficients of variation (COV) of mechanical properties (masonry, steel
reinforcement, and concrete).

Masonry Infill with Cement-Lime Mortar Frame Structure Materials

Hollow-Clay Block Solid-Clay Brick Steel Reinforcement, B500B Concrete, C30/37

Em 8100 MPa (0.20) 1700 MPa (0.18) Es 196 GPa (0.06) Ec 34.90 GPa (0.04)
fm 4.60 MPa (0.12) 5.20 MPa (0.10) fsym 545 MPa (0.08) fcm 45.00 MPa (0.15)
fmt 0.16 MPa (0.14) 0.20 MPa (0.10) fsu 645 MPa (0.10) fctm 3.60 MPa (0.10)
νm 0.10 (0.21) 0.15 (0.19) ks 0.05 (0.06) νc 0.20 (0.20)

Em is mean modulus of elasticity of masonry, fm is mean compressive strength of masonry, fmt is mean tensile
strength of masonry, νm is Poisson’s ratio of masonry, Es is mean modulus of elasticity of steel, fsym is mean
yield strength of steel, fsu is mean ultimate tensile strength of steel, ks is hardening coefficient of steel, Ec is mean
modulus of elasticity of concrete, fcm is mean compressive strength of concrete, fctm is mean tensile strength of
concrete, νc is Poisson’s ratio of concrete. In parentheses are coeff. of variation.
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3. Strengthening of Damaged RC Frames with Masonry Infill Wall

The addition of masonry infill can be an effective way to strengthen an existing or
damaged RC frame structure and improve its ability to withstand moderate earthquakes.
There are several traditional and innovative methods for introducing masonry infill that can
increase the stiffness, strength, and damping characteristics of the structure [16–20]. However,
there is currently a lack of knowledge about how the infill behaves and reliable methods for
evaluating the new structural capacity in relation to the seismic demands it may face.

There are new and innovative ways to strengthen RC frames against earthquakes, such
as using fibre composites, energy-dissipation devices, and seismic isolation techniques.
However, in this study, we focused on more traditional methods, which are less expensive
and easier to implement. An experimental study was conducted to investigate several
ways of strengthening RC frames with masonry infill walls, as shown in Figure 2.
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Figure 2. The applied methods of the masonry infill walls. Strengthening methods are shown with
and without reinforcement details, i.e., the specimens do not contain any openings.
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(A) Unreinforced masonry wall connected to the surrounding RC frame by steel dowels
(TYPE 1/I—hollow-clay units, TYPE 1/II—solid-clay units );

(B) Reinforced masonry wall connected to the surrounding RC frame by steel dowels
(TYPE 2/I—hollow-clay units, TYPE 2/II—solid-clay units);

(C) Unreinforced masonry wall strengthened with additional vertical tie-columns and
connected to these and the surrounding frame by steel dowels (TYPE 3/I—hollow-clay
units, TYPE 3/II—solid-clay units).

Figure 2 illustrates various strengthening methods for RC frames using masonry infill
walls. The left side of each image shows a front view of the specimen, while the right side
depicts a schematic representation of the frame strengthening method. The tie-column
contains two ribbed rebars with a diameter of 6 mm, mounted in parallel and spaced 8 cm
apart in a 12 cm thick infill wall (all infill walls are 12 cm thick). The rebars are anchored to
the foundation beam and upper beam with a 10 cm length, using cementitious anchoring
grout, a specialised commercial product for anchoring structural steelwork. The same
anchoring technique was used for the reinforced infill and frame columns. The specimens
used in the study did not have any openings and were previously slightly damaged RC
frames that had undergone light repairs by replacing the spalled concrete. The masonry
infill walls were produced in situ using cement-lime mortar with a nominal strength of
5 MPa and a volume proportion of cement:lime:sand = 1:1:5. The thickness of the horizontal
bed joints was 1 cm, and the vertical joints were completely filled. The tests were conducted
after the masonry wall had aged for 28 days. Two specimens were tested earlier and were
used as reference values for the study.

(D) Bare reinforced-concrete frame (TYPE 0/REF);
(E) Unreinforced masonry wall with hollow-clay masonry units without any shear con-

nection to the surrounding RC frame (except adhesion TYPE 1/REF). The RC frame
was undamaged prior to testing.

4. Testing of the Strengthened Specimens

The specimens were tested at the University of Osijek, Croatia, within a rigid steel
test frame that was anchored to a strong floor and supported by inclined braces, as shown
in Figure 3. In the experiment, cyclic lateral loading was applied to the beams’ ends,
while constant vertical loading was applied to the columns’ tops using hydraulic actuators.
Throughout the test, various data were continuously recorded, including the applied
loads at each of the four loading points, the vertical and horizontal displacements of
the specimen at the beam/column ends, the control displacements of the foundation
beam, the elongations of diagonals on the frame, and the local strains at the frame’s
critical points (column- and beam-ends) using linear transducers as strain gauges. In
addition, displacement transducers were placed on a separate scaffolding to measure
global deformations accurately. All data were collected and recorded at 25 Hz using
Dewetron data-acquisition devices and the software DeweSoft 7.

The experiments applied a constant vertical load of 365 kN to each column, which
corresponds to the target axial load ratio of 0.20, which is determined based on the critical
frame according to Eurocode 8 (DCM) of the designed hypothetical RC building [10,55],
and was kept as constant as possible using hydraulic valves. The experiment began as
force-controlled, and when stiffness decreased, it became displacement-controlled. Initially,
the cyclic quasi-static lateral load was applied in increments of 10 kN, but later, horizontal
displacements were increased in increments of 1.0 mm. To prevent one-sided progressive
failure, two loading cycles were performed for each loading phase. When the infill panel
experienced significant degradation associated with one-sided progressive failure, lateral
loading was applied from one side only (pushover) up to the maximum drift allowed
by the testing setup. The testing setup allowed for an average of 60 cycles for all tests.
Figure 4 shows a detailed illustration of the loading process. During each loading stage,
the specimens were visually inspected and photographed. The initial and significant cracks
were identified and marked, as shown in Figure 5. Other significant phenomena that
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occurred during the testing, such as masonry crushing, crack developments in masonry
and concrete, and crack patterns, were also documented.
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(a) (b)

(c) (d)

Figure 5. Photographs of the specimens during various phases: (a) specimen TYPE 1/I at 1.14% IDR
(end of the experiment); (b) specimen TYPE 1/II before the experiment; (c) specimen TYPE 2/I at
1.50% IDR (the end of the experiment); and (d) the specimen TYPE 1/II at 1.18% IDR (the end of
the experiment).

5. Test Results

The RC frame specimens used in the experiment had already undergone two tests
and had been slightly damaged (up to the yield point). The masonry infill wall was
added to retrofit the structure, and the strengthened infilled frames were then tested as
described. The results of the experiment are presented in the following forms: hysteresis
loops, response envelope, stiffness degradation curves, failure modes, and damage grades
at different drift levels.

5.1. Failure Modes and Damage Grades

In all tests, the masonry infill was found to be the first to fail. The masonry infill
failure could be classified into four distinct modes, namely Corner Crushing (CC), Diagonal
Compression (DC), Bed Joint Sliding Shear (SS) and Horizontal Sliding Shear (HSS), as described
in previous studies [5,56]. On the other hand, the RC frame exhibited three different failure
modes, namely Tensile cracking failure of the columns (TC), Shear cracking failure of the columns
(SC) and Beam–column joint crack (BCC).

The crack patterns that occurred at the maximum measured drift are presented in
Figure 6. The masonry units’ behaviour and the resulting crack patterns depended on the
type of unit used. The first cracks were observed in hollow-clay masonry units at drift
levels ranging from 0.075 to 0.12%. When significant degradation of the masonry units
occurred, at drift levels of approximately 0.5%, a one-sided pushover test was performed.
The lateral strength remained almost constant until the maximum measured drift, at which
point all masonry walls experienced significant damage, with outer masonry block shells
falling and vertical diaphragms inside the masonry units being crushed. Damage was
concentrated in certain areas, mostly at the masonry-column interface.
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To clarify the results, the masonry infill walls using solid-clay brick units developed
initial cracks at drifts ranging from 0.13 to 0.17%, during which their stiffness decreased
but lateral load carrying capacity increased up to drifts of about 1.5%. These cracks were
distributed throughout the infill area and opened and closed under lateral load reversals
without any reduction in strength. The anchors at the column–wall interface contributed to
the composite behaviour of the strengthened infilled frame elements, leading to a greater
number of smaller cracks accumulating in this area, particularly in specimens TYPE 1/I,
TYPE 2/I, and TYPE 3/I. Additionally, relatively small cracks formed at the plastic hinge
joints of the columns and beams in all specimens, with sizes under 0.4 mm for drifts under
1.0%. At larger drifts, concrete spalling appeared at the bottom of the concrete columns. The
final crack patterns that developed at the maximum measured drift are presented in Figure 6.

(‒) (+)

TYPE 1/I

(‒) (+)

TYPE 1/II

(‒) (+)

TYPE 2/I

(‒) (+)

TYPE 2/II

(‒) (+)

TYPE 3/I

(‒) (+)

TYPE 3/II

Figure 6. Crack patterns of RC beams, columns and masonry–infill of all tested specimens.
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The crack patterns shown in Figure 6 correspond to the final stage of the experiment.
The highest measured drift values (IDRMAX) at the end of the tests were as follows: TYPE
1/I (1.14%), TYPE 2/I (1.50%), TYPE 3/I (1.50%), TYPE 1/II (1.18%), TYPE 2/II (1.21%),
TYPE 3/II (1.14%).

The extent of damage was evaluated based on the severity of the damage, and damage
intensity was classified into four grades (summarised in Table 2), following the EMS-98 [52]
for RC systems with masonry infills. The grades range from negligible to very heavy
damage (Grade 1 to Grade 4). The tests were stopped when the damage reached either
Grade 4 or the maximum capacity of the test setup. Previous experiments on strengthened
infilled frame structures showed that major damage occurred at the masonry infill wall,
with little or no damage to the structural elements. The damage grade was assigned based
on the maximum damage grade achieved by either of the composite structural elements
and is graphically summarised in Figure 7.

The masonry infill walls with hollow-clay units failed in a non-ductile mode due to
local brittle failure of units, resulting in buckling and crushing of thin shells and webs.
The ductility and shear resistance capacity of such walls (TYPE 2/I and TYPE 3/I) were
only slightly improved compared to the reference infilled frame (TYPE 1/REF). The actual
resistance was only slightly greater than in the case where the walls were not strengthened
at all. The referent frame specimen (TYPE 1/REF) had a higher initial stiffness but smaller
drifts attributed to damage Grade 1 and Grade 2. The strengthened damaged frames had a
lower initial stiffness but attained the same base shear capacity at higher drifts. All applied
strengthening methods prevented strength decay within the measured drift range (<1.2%).
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Figure 7. Trends of damage formation for all tested specimens with marked average damage limits
in accordance with the EMS-98.
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Table 2. Observed performance and damage grades of the tested specimens.

Specimen

Negligible to Slight
Damage Moderate Damage Substantial to

Heavy Damage Very Heavy Damage

Grade 1 Grade 2 Grade 3 Grade 4
IDR [%] BSR [–] IDR [%] BSR [–] IDR [%] BSR [–] IDR [%] BSR [–]

TYPE 1/I 0.09 0.24 0.21 0.31 0.42 0.33 1.05 0.41
TYPE 2/I 0.15 0.24 0.38 0.35 0.68 0.39 1.14 0.38
TYPE 3/I 0.16 0.27 0.34 0.37 0.60 0.39 1.18 0.38
TYPE 1/II 0.09 0.17 0.29 0.26 0.51 0.33 1.09 0.42
TYPE 2/II 0.08 0.15 0.30 0.30 0.76 0.34 1.16 0.36
TYPE 3/II 0.14 0.22 0.36 0.34 0.59 0.38 1.14 0.41

TYPE 1/REF 0.09 0.21 0.16 0.35 0.42 0.38 0.89 0.35
TYPE 0/REF 0.15 0.11 0.41 0.18 0.76 0.22 1.70 0.32

Inter-storey drift ratio (IDR) represents measured drift, i.e., represents measured displacement divided by the
storey height and base shear ratio (BSR) represents measured lateral force divided by the total vertical load (the
total vertical force is considered constant, as the value of 730 kN in total).

The amount of drift required to reach the same level of damage varied depending
on the type of masonry unit and how it was connected to the RC frame elements. The
connection between the masonry wall and the RC frame elements improved the ductility of
the strengthened infilled frame structures. Solid-clay brick units prevented strength decay
after reaching Damage Grade 3. Compared to the bare-frame structure, the base shear
capacity of all strengthened infilled frame structures was higher at different levels of drift,
with the specimens with solid-clay brick units (TYPE 1/II, 2/II, and 3/II) experiencing
less damage on the RC frame elements. Most of the input energy was dissipated through
horizontal shear sliding along the masonry units. Among these specimens, TYPE 3/II
exhibited the best behaviour. Specifically, the base shear capacity was 3.6 times higher for a
drift of 0.1%, 2.7 times higher for a drift of 0.21%, and 1.7 times higher for drifts of 0.35%
and 1.0%.

5.2. Hysteresis Loops and Response Envelopes

Figure 8 shows the hysteresis loops and response envelope curves of the strengthened
infilled frame models. The response envelope curves were obtained by averaging and
smoothing the positive and negative branches. These curves were then used to create a
bilinear idealisation and evaluate the displacement ductility, as shown in Figures 9 and 10.

The tests conducted showed that frames with masonry infill had, on average, four
times greater lateral stiffness than bare frames, especially at lower drift levels, and this was
not dependent on the infill type. When the masonry wall was constructed with hollow-clay
masonry units, specimens with TYPE 2/I and 3/I had behaviour similar to the undamaged
TYPE 1/REF specimen.

At drifts of about 0.10 to 0.15% (Damage Grade 1), cracking of the infill with a change
of stiffness occurred. Pronounced yielding of the system occurred at drifts of about 0.20%
(Damage Grade 2), and there was no significant stiffness change up to the ultimate drifts. The
use of solid-clay brick masonry units improved the behaviour of the damaged strengthened
infilled frame structures, both in capacity and ductility. At drifts of about 0.15 to 0.20%
(Damage Grade 1), cracking of the infill occurred with a change of stiffness, and this happened
at lower base shear ratios than in the case of hollow-clay units. This could be attributed
to the higher initial cohesion of the mortar. After this initial change of stiffness, there was
no further stiffness deterioration. Shear strength constantly increased up to the maximum
measured drift, regardless of the strengthening type. The addition of the masonry infill
wall within the damaged RC frames changed their behaviour, improving stiffness, base
shear capacity, and damping, and making the behaviour similar to that of undamaged RC
frames with masonry infill.
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Figure 8. Base shear—top displacement relations for all tested specimens.
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Figure 9. Averaged response envelope curves for all tested specimens
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Current design practices are based on the assumption that a large energy dissipation
capacity is necessary to mitigate the effects induced by earthquakes. This assumption has
very often led to the notion that a good structural system should be characterised by fat
hysteresis loops. Based on the data presented in Figure 8, it can be concluded that TYPE
1/II, 2/II, and 3/II specimens produced stable hysteresis loops, indicating that solid-clay
masonry units are strong and resistant to local brittle failure. When subjected to cyclic
horizontal loading, solid-clay brick walls slide on their horizontal mortar joints, while
walls made of blocks with vertical holes exfoliate and crush. Solid-clay brick walls exhibit
wider hysteresis loops, meaning they can dissipate more energy without rapidly losing
lateral bearing capacity. The detailed connections in the solid-clay brick walls increase their
ductility and capacity for energy dissipation. These walls respond well beyond their elastic
limit and develop a ductile inelastic response with a large dissipation capacity, even at
small drifts.

The ability of the strengthened infilled frame specimens to dissipate hysteretic energy
loading can be represented by the equivalent viscous damping (EVD) defined as [57]:

ζeq =
1

4π
· ED

ESo
(1)

where ED is energy dissipated in the specimens, i.e., the area enclosed by each hysteretic
loop and ESo is the amount of elastic strain energy stored in the same loop (Figure 11).
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Figure 11. Equivalent viscous damping ratios (left) and their average trend lines (right).

Figure 11 shows the equivalent viscous damping ratios calculated using Equation (1)
for all specimens (left) and their trend lines for different types of masonry units (right). The
strengthened infilled frame specimens had higher equivalent viscous damping than the
bare-frame specimen, particularly at drifts less than 1%. This is consistent with previous
studies [58] and depends more on the type of masonry unit than the applied strengthening
method. For drifts of about 0.4% (DG3) and 0.8% (DG4), the equivalent viscous damping
was approximately 8% for hollow-clay masonry units and about 17% and 20% for solid-clay
units. In comparison, the bare-frame specimen had only about 2.5% and 7.5%, respectively.
The addition of the masonry infill wall in the RC frame improved the hysteretic energy-
dissipation capacity by two (for hollow-clay masonry units) and by three (for solid-clay
masonry units) times at drifts of 0.5%, and by two times (for solid-clay masonry units) at
drifts of 1.0%.
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5.3. Bilinear Idealisation of the Response Envelopes

The response envelope curves for all specimens were obtained and represented using a
bilinear idealisation based on FEMA 356 [59], as shown in Figure 10 and Table 3. To calculate
the effective elastic stiffness (KEL) and effective yield strength (FY) of each specimen, a
bilinear relationship was used to represent the nonlinear force-displacement relationship
between base shear and displacement of the control node. The bilinear relationship was
chosen because the specimens’ capacity did not decline within the measured range. The
base shear drift relationship was presented with an initial slope KEL and post-yield slope
α (α = KPL

KEL
). The effective lateral stiffness, KEL, was calculated for the base shear force

equal to 60% of the effective yield strength of the structure. The post-yield slope, α, was
determined using an iterative graphical procedure that balanced the area above and below
the curve by drawing a line segment that passed through the actual curve at the calculated
target displacement.

Table 3. Characteristic points on the models’ idealised bilinear curve.

Response
Characteristics TYPE 1/I TYPE 2/I TYPE 3/I TYPE 1/II TYPE 2/II TYPE 3/II TYPE

0/REF
TYPE
1/REF

FY [kN] 215 246 268 200 210 209 170 270
FMAX [kN] 274 282 275 306 266 310 244 253
DY [mm] 1.9 1.8 1.8 1.8 1.7 1.6 4.8 1.6
DMAX [mm] 16.0 21.0 21.0 16.5 17.0 16.0 28.0 16.0
IDRMAX [%] 1.14 1.50 1.50 1.18 1.21 1.14 2.00 1.14
KEL [kN/mm] 113.2 136.7 148.9 111.1 123.5 130.6 35.2 172.6
KPL [kN/mm] 4.2 1.9 0.4 7.2 3.7 7.0 3.2 –1.2
α [−] 0.037 0.014 0.003 0.065 0.030 0.054 0.091 –0.007

FY is yield strength, FMAX is maximum achieved strength, DY is yield displacement, DMAX is displacement at
maximum achieved strength, IDRMAX is drift at maximum achieved strength [%], KEL is initial/elastic stiffness,
KPL is post–yield/plastic stiffness, α is post–yield slope, α = KPL

KEL
.

The behaviour of the system is evaluated using bilinear idealisation, and the results
are shown in Table 4. It is observed that the undamaged and strengthened infilled frame
structures have similar base shear and drift capacity, as well as behaviour factors. For
the bare-frame and strengthened infilled frame specimens, two bilinear idealisations are
presented for specimen TYPE 0/REF. One is obtained similarly to the other frames, and
the other has an initial stiffness taken as the average of the initial stiffness of all other
specimens. The behaviour factor, q∗, for the investigated wall groups, is calculated using
an approximation of Equation (2) as suggested in [60,61] and described in detail in [61].

This equation neglects the soil-structure interaction and equalises the linear and
nonlinear system energy:

q∗ =
√
(2 · µU − 1) (2)

where µU refers to the ductility ratio which is defined as µU = DMAX
DY

whose values are
shown in Table 4. The calculated behaviour factors indicate that all strengthened infilled
frame specimens had behaviour factors more than two times those suggested for confined
masonry walls (q = 2.0 to 3.0) [49]. Based on the results obtained in this and similar
experiments, the behaviour factor to be used in the linear analysis may be redefined through
the introduction of the over-strength ratio (OSR) FU

FEL
, where FU stands for the ultimate

horizontal bearing capacity, while FEL stands for the base shear value corresponding to the
first failure, i.e., elastic capacity [61,62].

Here, the over-strength ratio (OSR) brought an increase of more than 30% (for solid-
clay masonry units) of the basic behaviour factor, indicating the possibility of reducing the
design forces for linear elastic analysis with respect to the values traditionally used in the
seismic codes for the design of the buildings of this type.
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Table 4. Measured ultimate base shear capacity, drifts, ductility, over-strength ratios, and be-
haviour factors.

Specimens

FMAX [kN] IDRMAX [%] µU = DMAX
DY

OSR q∗ =
√
(2 · µU − 1) · OSR

Ultimate Load
Capacity

Max. Inter-Storey
Drift Ratio Ductility Ratio Over-Strength

Ratio

Behaviour
Factor/Behaviour

Factor·OSR

TYPE 1/I 274 1.14 8.35 1.27 3.96/5.04
TYPE 2/I 282 1.50 11.46 1.15 4.68/5.36
TYPE 3/I 275 1.50 11.67 1.03 4.73/4.83
TYPE 1/II 306 1.18 11.00 1.54 4.58/7.04
TYPE 2/II 266 1.21 14.17 1.27 5.23/6.62
TYPE 3/II 310 1.14 11.03 1.48 4.59/6.80

TYPE 1/REF 253 1.14 10.21 0.93 4.41/4.12
TYPE 0/REF 244 2.00 5.79 (31.64) 1.44 (1.79) 3.25 (7.89)/4.67 (14.11)

6. Conclusions and Remarks

In many instances, masonry infill walls offer benefits as they function like a weaker
version of the shear wall. Given the favourable impacts of infills and their cost-effective
construction, authors have suggested using them as strengthening elements within the
existing RC frame buildings. This research’s main objective and novelty involve investi-
gating the advantages of incorporating different traditional reinforced masonry infills into
existing RC frames to improve seismic resistance, mostly in terms of improved stiffness,
lateral load capacity, and better energy dissipation ability.

As such, this study analyses six ductile and insignificantly damaged RC frames that
have been strengthened using three strengthening techniques and two types of masonry
units (hollow-clay and solid-clay units), alongside two reference specimens. The RC frame
specimens were damaged during two previous tests, where they underwent drifts larger than
1.5%. They were repaired by replacement of the spalled and cracked concrete. Strengthened
infilled frame structures were tested under constant vertical and cyclic lateral loading.

It was observed that damaged RC frames strengthened by the addition of the ma-
sonry infill walls had behaviour similar to that of the undamaged infilled RC frames.
Strengthened infilled frame structures had increased stiffness, strength, and hysteretic
damping. The stiffness increased irrespective of the masonry units and applied strengthen-
ing method. Strength and hysteretic damping depended on the masonry units, especially
their robustness, and applied method. Hollow-clay masonry units degraded due to their
small robustness and interlocking of the mortar and clay shells. Their contribution to the
strength and hysteretic damping was negligible after drifts of 0.5% and behaved in a fragile
manner. Solid-clay masonry units proved better and strengthened infilled frame elements
had no strength and hysteretic energy damping decay, even after drifts of 1.2%.

Hysteretic energy-dissipation capacity depended on the masonry units’ robustness and
was much better for solid-clay than hollow-clay units. The equivalent viscous damping ratio
increased by two (for hollow-clay masonry units) to three (for solid-clay masonry units) times
at drifts of 0.5%, and by two times (for solid-clay masonry units) at drifts of 1%. There was no
significant difference in the observed response among various types of connection between
infill and frame. The best option proved the addition of the masonry wall strengthened with
additional vertical tie-column and connected to it and the surrounding frame by steel dowels.
The presence of the tie-column increased in-plane ductility and may have a beneficial effect
on out-of-plane stability and resilience, which are not part of this study.

The calculated behaviour factor of the strengthened infilled frame structures was
between the values suggested for confined-masonry and RC frame structures. The over-
strength ratio (OSR) brought an increase of more than 30% to the behaviour factor in
the case of solid-clay masonry units. Therefore, strengthened infilled frame structures
could only unfavourably be calculated as confined-masonry structures. The strength-
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ened structures sustained drift reversals with amplitudes of up to 1.2% without excessive
strength reduction.

Since the experimental tests did not bring the test specimens to the collapse limit, future
research must investigate the benefits of such strengthening on the ultimate limit states of
collapse, particularly for seismic risk analysis and loss assessment of such RC buildings.
Moreover, for future research, different types of anchoring for different diameters of reinforc-
ing bars of reinforced masonry infill should be thoroughly examined, at least numerically.
Because these variations can result in various failure mechanisms, it is necessary to paramet-
rically analyse the optimal combination of infill reinforcement, infill-frame connection, and
mechanical properties of masonry infill (masonry element and mortar).
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