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Abstract
Adding a reinforced stucco layer to the masonry infill walls is a preferred method for 
strengthening RC frame system structures with an easy-to-apply method that does not 
require a long time, is economical, and does not require detailed and extensive work-
manship. However, no research has been discovered as a result of the extensive literature 
review that investigates the effects of masonry-infilled RC frames strengthened with a rein-
forced stucco layer on the seismic performance of openings that must be due to architec-
tural requirements such as doors, windows, installations, and similar ventilation systems. 
As a result, an experimental study was planned to investigate the effects of the dimensions 
and location of the opening in the masonry infill walls on the performance of the strength-
ening method with the reinforced stucco layer. The applied strengthening method increased 
the ultimate load capacity, initial stiffness, and energy dissipation capacity values of rein-
forced concrete frames with masonry infill walls by 83%, 226%, and 62%, respectively, but 
resulted in a 38% decrease in displacement-ductility ratios. The study found that the open-
ings in the masonry infill walls harm the performance of the strengthening technique by 
adding a rebar-reinforced stucco layer and decreasing the success level. When the opening 
size increased, and the opening was located at the corner of the masonry wall, the perfor-
mance of the applied strengthening technique was negatively affected and decreased. Fur-
thermore, nonlinear numerical analyses of the experiments conducted as part of the study 
were performed using ABAQUS finite element software. The numerical analysis results 
were compared to the experimental results. It has been determined whether numerical anal-
ysis models are compatible with experimental results.
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1  Introduction

In examinations conducted following major earthquakes in seismically active areas, it was 
observed that structures with RC frame-bearing systems are insufficiently ductile and can-
not consume energy in the case of heavy damage and global structural failure. Strengthen-
ing the bearing system has often been necessary to increase the seismic performance levels 
of the existing structural systems, limit the story drift ratios on a system basis, and improve 
the bearing capacity and rigidity at the structural level. Strengthening masonry infill walls 
within the portal frame strengthens existing reinforced concrete (RC) frame system struc-
tures. In addition to these problems, it has been observed that due to the inability to limit 
the story drift ratios due to their insufficient bearing capacity and rigidity, they can suffer 
heavy damage by inelastic plastic deformations or cause huge losses by completely collaps-
ing. A holistic system strengthening technique is required for poor seismic-performance 
structural systems to increase bearing capacity and rigidity, the limit story drifts ratios, and 
allow strengthening of the entire structural system to solve structural problems. Further-
more, negative effects on the displacement ductility ratio and energy dissipation capacity 
should be avoided while increasing RC frames’ bearing capacity and rigidity. It is not pos-
sible to demolish and renovate all structures with reinforced concrete frame type bearing 
systems with insufficient earthquake performance level due to the required materials, labor, 
time required and high cost. It has become an important need to strengthen such structures 
with an economical method that can be implemented quickly, easily and with little labor, 
without disturbing the people living inside the structures for a long time. In this way, in the 
holistic strengthening of the bearing system consisting of RC frames, when the literature 
is examined, it is seen that the most used technique is the conversion of RC frames into 
shear walls as a result of removing the brick infill walls in RC frames and replacing them 
with an RC infill wall (Anıl and Altın 2007; Altın et al. 2008b). Although this technique is 
widely used and preferred, the application difficulties sometimes make it useless. Studies 
have shown that adding infill walls to RC frames significantly increases the bearing capac-
ity and rigidity of the structural system and limits the story displacements but does not 
cause reductions in the displacement ductility ratios or energy dissipation capacity values. 
These factors indicate that this technique is an effective holistic structural system strength-
ening approach. The disadvantages of this technique are that it takes a long time to apply, 
the workmanship is difficult, and it prevents the structure from being used for an extended 
period. This technique is expensive because the structural system has not been used for a 
long time, and its application is difficult and takes a long time. For this reason, the use of 
the technique has decreased over time.

In the holistic strengthening of RC frame-bearing systems with insufficient earthquake 
performance, research has increased on strengthening techniques that can be applied 
quickly and with less labor before the masonry infill walls in the frame are demolished. For 
this purpose, strengthening details have been developed using composite materials such 
as a fiber-reinforced polymer (FRP) bonded to the infill wall surface with epoxy (Altın 
et al. 2008a, c, 2012). Because of its ease of application and low labor requirements, the 
strengthening technique of attaching such composite materials to the masonry infill wall 
surface reduced application time. It caused less discomfort to the building’s occupants. 
However, the main problem with this type of strengthening technique is the high cost of the 
technique due to the high cost of composite materials and adhesives (Makou 2021). TRM 
is a composite building material formed by cement-based inorganic mortar and textiles 
obtained from different materials (such as steel, carbon, basalt, and glass). Textiles used 
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as strengthening composite material are typically formed from strands of fibers perpen-
dicular to each other (bidirectional). It is understood that TRM has some advantages over 
Fiber Reinforced Polymers (FRP), considering the production and application of mortar in 
conventional methods. These advantages are; (a) low cost, (b) resistance to high tempera-
tures, (c) applicable on the concrete, reinforced concrete, and masonry building surfaces, 
(d) applicable to wet surfaces, (e) low heat permeability, and (f) high bearing capacity. 
Considering these advantages, researchers have increased the use of TRM in developing 
strengthening/retrofitting details in the last ten years. Strengthening with TRM was also 
applied to reinforced concrete frame with masonry infill wall, and positive results were 
obtained (Koutas et al. 2014).

When the literature was examined, studies were found where mortars containing special 
additives and fiber types were used for strengthening masonry walls, especially in histori-
cal buildings (Mercuri et al. 2023; Vailati et al. 2021; Angiolilli et al. 2020). In addition, 
studies on increasing the amount of energy dissipation in masonry infill walls and improv-
ing the general earthquake performance as a result of special bed-joint sliding placed 
between the masonry units in masonry infill walls or special layers produced from differ-
ent materials such as plastic are among the important research topics examined in recent 
years (Vailati et al. 2023a, b; Mojsilović 2022; Zhang et al. 2022). The development of a 
cost-effective strengthening technique that can be applied in less time and with less labor, 
with less inconvenience to the inhabitants of structures with RC frame-bearing systems 
with insufficient seismic performance levels, continues. There is research in the literature 
about an innovative strengthening method with a reinforced plaster layer added on the infill 
wall by connecting the beams and columns, which are the bearing elements of the frame, 
with anchors, without demolishing the masonry wall inside the frame for the strengthening 
of RC frames with masonry infill walls with insufficient seismic performance level (Altın 
et al. 2010; Kaya et al. 2018). The method of strengthening masonry-infilled RC frames by 
adding a rebar-reinforced stucco layer provides several advantages or benefits compared 
to adding RC infill walls to RC frames because the application time is shorter, disturbs 
residents less, and requires less labor. Furthermore, this method is significantly less expen-
sive than adding RC infill walls to RC frames. For these reasons, adding a rebar-reinforced 
stucco layer to the infill walls is widely used method due to its several benefits for the holis-
tic strengthening of RC frame systems with masonry infill walls with insufficient seismic 
performance, and the research on this subject has increased (Altın et al. 2010; Kaya et al. 
2018). Research has shown that the masonry-infilled RC frames strengthened by adding 
rebar-reinforced stucco layer strengthening method improve the earthquake performance 
level of the RC frame bearing system, increase the ultimate load capacity and rigidity, and 
limit the story drift ratios and damages that occur (Altın et  al. 2010; Kaya et  al. 2018). 
In this study, the adding rebar-reinforced stucco layer retrofitting method was chosen to 
strengthen RC frame systems with masonry infill walls that have poor seismic performance 
because it affects the inhabitants less, can be applied in a short time with less labor, and 
low-cost. It has been observed that most studies in the literature ignore the effects of open-
ings that should be in infill walls due to architectural requirements.

It has been observed that the studies carried out in all of the strengthening techniques 
applied in RC frame systems with masonry infill walls that have insufficient seismic per-
formance levels and need to be strengthened are generally focused on masonry infill walls 
that fill the inside of the frame. Most studies generally ignore the effects of openings in 
the infill wall. The number of research investigating the effects of infill wall opening size 
and location on earthquake performance and the general behavior of RC frame-bearing 
systems with masonry infill walls is limited (Ahani et al. 2019; Sigmund and Penava 2013; 
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Khoshnoud and Marsono 2016; Kakaletsis and Karayannis 2008; Akhoundi et  al. 2016; 
Flippou et al. 2023; Milijaš et al. 2023; Wang 2023; Sakr et al. 2021). Moreover, no study 
was found in the thorough literature review that investigated the effects of the size and 
placement of the openings on the strengthening approach used by adding a rebar-reinforced 
stucco layer to the masonry-infilled RC frames studied within the scope of this study. For 
this reason, an experimental study was performed, and 11 (1:2 scale) RC frame specimens 
were produced and tested under the effect of reversing and repeated loading, simulating an 
earthquake. This study investigated the effects of the changing position and dimension of 
the openings on the infill wall using the load–displacement behaviors, ultimate load capaci-
ties, stiffness, displacement ductility ratios, and energy dissipation capacity values of the 
specimens. The experimental results obtained from the study are expected to contribute 
to the literature by containing important findings about how the opening on the infill wall 
changes the earthquake performance due to architectural requirements. In the second part 
of the study, nonlinear analysis models of the experiments were created with the ABAQUS 
finite element software, and the results obtained were compared with the experimental 
results. The numerical analysis was used to determine whether the ultimate load capaci-
ties and general load–displacement behaviors of RC frames with masonry infill walls with 
openings that were strengthened using the study’s proposed strengthening method could 
be obtained following the experimental results. In the strengthening technique developed 
within the scope of this study, the main aim and novelty aspect can be applied in a short 
time, without disturbing the inhabitants of the building, with less labor without being too 
complicated, and being a more economical strengthening method by using standard mate-
rials without using expensive composite materials. In addition, it is another novelty of the 
study to investigate how effective the developed strengthening method is in the case of 
openings such as a door or window spaces left in RC frames with masonry infill walls due 
to architectural necessities. When the literature is examined, it is seen that the strengthen-
ing techniques developed for strengthening RC frames with masonry infill walls are gener-
ally developed for situations with infill walls without openings. It is thought that investigat-
ing the performance of the strengthening technique developed within the scope of the study 
on RC frames with masonry infill walls with openings increases the study’s novelty.

2 � Experimental study

2.1 � Geometry of the test specimens

Within the scope of the experimental study, it was decided to construct the RC frame speci-
mens with a scale ratio of 1:2. The reinforcement details and geometric dimensions of the 
RC bare frame specimen are shown in Fig. 1. In addition, these dimensions and reinforce-
ment details are the same for the other 11 specimens. When the dimensions and reinforce-
ment details of the bare frame are examined, it is seen that there are design errors, such as 
strong beam-weak columns and low shear reinforcement ratios found in structures with 
poor seismic performance levels in real RC structure insufficient earthquake performance 
(European Committee for Standardization 2004). The RC bare frame designed within the 
scope of the study has been produced in a way that includes the design errors that should 
not be in the RC frame type bearing systems in the Eurocode 8 regulation (European Com-
mittee for Standardization 2004) and many similar contemporary earthquake regulations. 
This approach’s heart is creating a structural system that needs strengthening. Inside the 
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bare frame of the specimens designed for poor seismic performance levels, infill walls 
were built with masonry similar to the hollow clay brick dimensions of 65 × 95 × 95 mm 
(1:2 scale). Field investigation studies conducted on reinforced concrete structures that 

Fig. 1   Dimensions and reinforcement details of the specimens (dimension in mm). a Concrete frame and 
masonry unit with a scale of 1 to 2. b Details of masonry unit of infill wall and reinforced beam and column 
with a scale of 1 to 2
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were heavily damaged or completely collapsed after major earthquakes in the world 
have revealed the important design errors that caused such reinforced concrete structures 
to receive heavy damage or collapse. The main design errors that cause reinforced con-
crete structures to be severely damaged or completely collapse due to earthquake effects 
are plastic hinges in the columns in the load-bearing systems designed as strong beams 
and weak columns in reinforced concrete frames and undesirable collapse of the structural 
system by exhibiting a column collapse mechanism. Another prominent design deficiency 
was the occurrence of shear failure, which is an undesirable sudden and brittle collapse 
mechanism in the load-bearing elements due to inadequate placement of shear reinforce-
ment in columns and beams in the structural load-bearing system. Another design error 
encountered is the formation of plastic hinges at the connection node or on the column in 
reinforced concrete frames as a result of not tightening the shear reinforcement spacing at 
the column-beam connection nodes. It is aimed to examine how successful the strengthen-
ing technique developed within the scope of the study can be in structures that actually 
have all of these design errors by applying it on a reinforced concrete frame with extremely 
inadequate earthquake performance, where all three of these design errors are present.

The characteristics of the experimental specimens in the experimental program are 
presented in Table 1 by associating them with the experimental variables. In the experi-
mental program, 11 specimens were produced, including one RC bare frame without infill 
walls, 5 test specimens with masonry infill walls without strengthening, and five specimens 
with masonry infill walls strengthened by adding reinforced stucco layers. Specimen-2 and 
Specimen-7 are masonry infill walls without openings, without strengthened and strength-
ened specimens, respectively. Specimen-3 and Specimen-4 are masonry infill walls with 
openings of 400 × 480 mm and 500 × 600 mm, respectively, in the center of the wall. In 
Specimen-5 and Specimen-6, the same size opening was located close to the column joint 
and beam in the upper left corner of the masonry infill wall. The positions and dimensions 
of the openings left in the specimens are given in Fig. 2.

2.2 � Materials

Specimens-8, 9, 10, and 11 were made the same way as Specimens-3, 4, 5, and 6, masonry 
infilled wall specimens with openings but was strengthened by adding a rebar-reinforced 
stucco layer. The corresponding openings of the Q131/131 (made by fabrication welding of 
deformed reinforcement bars with a diameter of 5 mm in both directions and 150 mm inter-
vals) class mesh steel reinforcement placed in the stucco layer were cut out in the strength-
ened specimens. Furthermore, there are no other special reinforcement details in the stucco 
layer around or at the corners of the openings. While producing the specimens, 25 MPa 
concrete compressive strength was determined as the target strength. While pouring the RC 
bare frame of each test specimen, five 150 × 150 mm standard cube samples were taken and 
stored under the same curing conditions as the specimens. Following the concrete pour-
ing of the specimens, five cube samples and test specimens were removed from the mold, 
cured by wrapping them in wet sacks for seven days, and then allowed to dry in the labo-
ratory for 21 days. Cube concrete samples were stored and cured in the laboratory, in the 
same environment as the specimens. The day after they were cast, they were removed from 
the mold, cured with a wet sack and plastic tarpaulin for 7 days, and left to dry under nor-
mal room conditions in the laboratory for the remaining 21 days. Five cube samples taken 
from the specimens were stored until the day of the tests to determine the concrete com-
pressive strength. Compression tests were performed on the five samples on the same day 
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as the experiments, and their compressive strengths were determined. Five cube samples 
were tested using a computer-controlled hydraulic press with a constant loading speed of 
0.5 kN/s. The average of the concrete compressive strength values obtained from five con-
crete cube samples taken for each bare RC frame specimen is given in Table 1. Since these 
values obtained from five cube samples are very close to each other, the standard deviation 
and variance values are extremely small. The average concrete compressive strength values 
given for the specimens in Table 1 ranged between 25.10 MPa and 24.50 MPa, with the 
standard deviation and variance values calculated as 0.19 MPa and 0.04 MPa, respectively. 
These values are very close to the targeted 25 MPa concrete compressive strength.

The masonry infill walls of the specimens were constructed using the mortar mixture. 
After the infill wall was finished, the wall’s interior and exterior surfaces were plastered 
with the same mortar. Five 50 × 50 mm cube samples of the mortar mixture used to con-
struct, and plaster masonry infill walls were obtained, and their compressive strength was 
examined. Cube samples taken from the mortar used in masonry infill walls were cured 
like samples taken from the RC bare frame. It was stored under the same conditions until 
the day of the experiments, and then the compressive strength values were determined by 
performing the test. The averages of the compressive strength values obtained from five 
cube mortars for each specimen, taken from the masonry infill walls of the specimens, 
are given in Table  1. The specimens’ average mortar compressive strength values range 
between 8.10 and 7.50 MPa, near the desired 8 MPa value. Additionally, the standard devi-
ation and variance values of the average mortar strength values measured for the specimens 
were computed to be 0.20 MPa and 0.04 MPa, which are very low values. The rebars used 
to make the specimens were purchased simultaneously, and their mechanical characteris-
tics were guaranteed to be identical. The mechanical strength values were measured using 

Fig. 2   The Opening Layout of the Specimen (Dimension in mm)
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the axial tensile test on five samples of each rebar type utilized in the specimens. Average 
mechanical strength values obtained from five samples tested for each reinforcement type 
are given in Table 2. Under computer control, the reinforcement samples were subjected to 
an axial tensile test with a constant loading speed (0.1 mm/s).

2.3 � Strengthening procedure of specimens

This strengthening method places Q131/131 class reinforcing mesh in the stucco layer. A 
standard mesh reinforcement will be placed inside the reinforced stucco layer to make the 
application easier. The mesh reinforcement sample’s strength values were determined simi-
larly to other RC bare frame reinforcement types, as shown in Table 2. Following the pro-
duction of the RC bare frames, the brick infill walls of the specimens were built, the inner 
and outer surfaces were covered with stucco, and the test elements were made ready for 
strengthening application.

In Fig. 1b, the existing plaster layer on the masonry infill wall is shown in the section 
of the RC frame with masonry infill walls without strengthening. It is clearly seen that the 
thickness of the masonry unit is 95 mm and after the application of plaster on both sides, 
the thickness of the infill wall is 120 mm. With the addition of a 30 mm thick reinforced 
stucco layer placed on the inner face of the infill wall frames for strengthening, the total 
infill wall thickness reaches 150 mm, the same thickness as the column. It can be seen from 
the B-B sections given in Fig. 3 that the column and infill wall reached the same thickness 
after strengthening. The masonry infill wall thickness increased to 120 mm when the test 
specimens’ masonry infill walls were coated with 12.5 mm of plaster from the inner and 
exterior surfaces. After this stage, 28 days waited for the mortar and surface plaster used 
in the masonry infill wall to gain strength. Anchor holes were drilled in the RC frame and 
masonry infill walls so that the RC frame and masonry infill walls could perform together 
with the additional rebar-reinforced stucco layer. "L"-shaped anchor reinforcements ensure 
the stucco layer reinforcements and the infill wall work together. Anchor holes are drilled 
on the infill wall for these reinforcements. The holes drilled for the straight anchors in 
the RC bare frame and the "L" shaped anchors used in the infill wall are 8  mm, while 
the anchors’ diameters are 6 mm. For both types of anchoring, plain rebars with a 6 mm 
diameter were used. Figure 3 shows the strengthening details, anchor arrangement, and the 
number of anchors for the strengthened specimens Specimen-7, 8, 9, 10, and 11. After 
the drilling, the anchor holes were cleaned of dust and loose particles with compressed 
air. Following this, a double-sided, five mm-diameter Q131/131 reinforcing mesh cage 
with 150 mm spacing was placed within the stucco layer to be added to the masonry infill 
wall surface. The mesh reinforcements are fixed with wires to the reinforcements anchored 
to the RC bare frame and to the "L"-shaped anchors placed in the holes drilled on the 

Table 2   Mechanical properties of 
reinforcement

Diameter (mm) Type Yield 
strength 
(MPa)

Failure 
strength 
(MPa)

Modulus of 
elasticity 
(GPa)

5 Ribbed 576 615 207
6 Plain 330 410 202
10 Ribbed 544 585 205
16 Ribbed 539 575 206
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Fig. 3   Strengthening details of the specimens (Dimension in mm)
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masonry infill wall surface. Sikadur 31, an anchoring epoxy from Sika Company, was used 
to attach the anchors to the holes drilled in the RC bare frame and masonry infill wall sur-
face. The properties of Sikadur 31 epoxy used for anchors are given in Table 3, and these 
values are the minimum mechanical strength values provided by the manufacturer. After 
placing the mesh reinforcements and anchors on the stucco layer was added to strengthen 
the infill wall, it waited 48 h for the epoxy to gain its strength. The strengthening procedure 
was then completed by applying a 30 mm-thick stucco layer to the mesh reinforcement, 
which was used for laying and plastering the masonry infill wall, with a target compressive 
strength of 8.0 MPa, produced using the same mortar material mixture. After 28 days were 
completed by applying curing processes on this layer and the stucco layer had reached its 
strength, the strengthened specimens became ready to be tested. The examples selected 
from photographs showing the strengthening process steps applied to the specimens are 
presented in Fig.  4. RC frames of the specimens were produced, and then the masonry 
infill walls were built according to the experimental variables and made ready for plaster-
ing. Both sides of the masonry infill walls were plastered, and the specimens were made 
ready for strengthening. In the strengthening technique developed after this stage, the holes 
of the anchors to be used to connect the RC frame, masonry infill wall, and the stucco layer 
to be added were prepared by drilling the details as given in Fig. 3. The anchors used in 
the RC frame are flat, and the anchors used on the infill wall surface are "L" shaped. After 
this stage, the anchor holes opened were cleaned with compressed air and made ready for 
epoxy injection. Sikadur 31 epoxy was injected into the cleaned anchor holes, and the 
Q131/131 reinforcing mesh cage, which would remain in the stucco layer, was embedded 
before the anchors were placed. Then, anchors were inserted into the epoxy-injected holes, 
and the anchors were fixed by connecting them to the reinforcement cage with wires. After 
waiting 48 h for the epoxy to complete its curing and reach its full strength, a 30 mm thick 
stucco layer was placed on the reinforcement by applying it as it was. The plastered speci-
mens were ready to be tested after 28 days of curing and waiting to reach the stucco layer 
strength.

The strengthening technique intended to be developed within the scope of this study 
is aimed to be used in RC frames with masonry infill walls in standard residential type 
RC structures with inadequate earthquake performance. For this reason, efforts have been 
made to ensure that the strengthening technique developed is an economical strengthen-
ing method that disturbs the people living inside the buildings as little as possible, can 
be applied in a short time, can be applied from inside the building without installing any 
scaffolding outside the building, can be done with little labor, and is economical. The 
strengthening method developed by taking this approach and design philosophy into con-
sideration has been designed as a method that can be applied only to the inner surface 
of masonry infill walls, from within the structure. In this way, there will be no need to 

Table 3   Properties of Sikadur 
31 Epoxy

* The manufacturer provides these values

Remarks Value*

Compression strength 60–70 N/mm2

Flexural tension strength 30–40 N/mm2

Axial tension strength 15–20 N/mm2

Bonding strength  > 4 N/mm2

Elastic modulus 4300 N/mm2
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Fig. 4   Strengthening application step photos of specimens
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install a scaffolding outside the building and the application time will be shortened. Short-
ening the application time and reducing labor will make the strengthening technique more 
economical.

2.4 � Test setup and instrumentations

The tests of the specimens were carried out with the support of the laboratory’s rigid wall 
and floor system and using the loading system installed on the rigid wall. Experiments 
were conducted in Süleyman Demirel University Civil Engineering Department Structural 
Mechanics Laboratory. Horizontal reversible repeated loading, simulating the earthquake 
to the specimens, was applied to the RC frame beam from floor level by a hydraulic load-
ing system with a capacity of 1000 kN and measured with a load cell of 600 kN. Story 
displacement, rigid mass movements, and measurements collected by a data logger system 
using Linear Variable Differential Transformers (LVDT) on the specimens were transferred 
to the computer and used in the evaluations. The details of the test and measurement sys-
tem during the tests of the specimens are presented in Fig. 5. The tests of the RC frame 
specimens with masonry infill walls were followed and carried out by drawing load-story 
displacement graphs. The applied loading history of specimens was identified and shown 
in Fig. 6 using ACI 374.1-0 2005 regulation (American Concrete Institute 2005). The tests 
were carried out in displacement control, according to the change of story drift ratio. The 
12 different reversed story drift ratio was applied to the specimens. Full cycles are three 
for each interstorey drift threshold, for a total cycles of 3 × 12. Applied story drift ratios of 
specimens are shown in Fig. 6. The drift ratio was calculated as the ratio of corrected story 
displacement to the RC frame’s total height. The story displacement of the specimens was 
measured from the midpoint of the RC frame beam. Errors in story displacement due to 
rigid sliding and rotational deformations that may occur in the specimens have been cor-
rected. The corrected story displacement value was calculated by calculating the displace-
ment values that rigid sliding and rotational deformations could cause in the story displace-
ment and subtracting them from the measured value, and load–displacement graphs were 
drawn using this value. The loading history, details of which are given in Fig. 6, was tried 
to be applied to all specimens in an identical manner. However, after the ultimate load 
capacity value was reached in the specimens, each specimen started to lose its ultimate 
load at different story drift ratios. The cycles after the story drift ratio decreased by 15% 
in the ultimate load capacity values of the specimens were not applied and the test was 
terminated.

3 � Experimental results and discussions

As a result of the tests on the specimens, the load–displacement behavior of the RC 
frame systems with opening masonry infill walls was obtained. The specimens’ ulti-
mate load capacity, initial stiffness, displacement ductility ratios, and energy dissi-
pation capacity values were calculated using these graphs. The load–displacement 
graphs obtained as a result of the tests on the specimens are presented in Fig. 7. The 
envelope graphs of the specimens were drawn by combining the peaks of the loading 
cycles applied in line with the loading history, the details of which are given in Fig. 6 
and comparatively presented in Fig. 8. The ultimate load capacity values of the speci-
mens were determined using the maximum load values reached for both forward and 
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Sensors number Remarks
101 Load Cell

102, 103, 104 Lateral Story Displacement of RC Frame

201, 202 Out of Plane Displacement of RC Frame 
203, 204 Rigid Body Turning Displacement of RC Frame Foundation
205 Rigid Body Sliding Displacement of RC Frame Foundation
301, 302, 303, 304 RC Frame Columns Moment-Curvature Measurements

Hydraulic 
Jack Load Cell

Strong Laboratory Floor

Hinge

Fig. 5   Test setup and instrumentations

Fig. 6   Applied loading history of 
the specimens
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backward loading cycles using the envelope graphs given in Fig. 8. In addition, the story 
drift ratios of the specimens were calculated by dividing the displacement values at 
which the ultimate load capacity was achieved in the forward and backward cycles by 
the frame story height. The story drift ratio values were calculated for the forward and 
backward cycles.

The initial stiffness values for the forward and backward cycles were calculated using 
the slope of the lines connecting the first forward and backward loading cycle peaks 
applied to the specimens to the origin. An initial stiffness value was obtained for each 
specimen by taking the average of these two values. Envelope graphs were used to cal-
culate the displacement ductility ratios of the specimens. The point where the ultimate 
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Fig. 7   Lateral load-displacements graphs of specimens

Fig. 8   Load–displacement 
envelope strength graphs of 
specimens
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load capacity of the specimens decreased by 15% was accepted as the failure point (Anıl 
and Altın 2007; Altın et al. 2008a, b, c, 2012, 2010; Makou 2021; Koutas et al. 2014; 
Mercuri et  al. 2023; Vailati et  al. 2021, 2023a, b; Angiolilli et  al. 2020; Mojsilović 
2022; Zhang et al. 2022; Kaya et al. 2018). The other displacement value used in calcu-
lating the displacement ductility ratio was determined as the displacement of the peak 
point of the first loading cycle where the horizontal movement started in the load–dis-
placement graph of the specimens. The displacement ductility ratio values were calcu-
lated by proportioning the failure point displacement value to the displacement value 
of the point where the horizontal movement started in the load–displacement graph of 
the specimens. These calculations were made separately for both forward and backward 
cycles. A displacement ductility ratio value was obtained for each specimen by taking 
the average of both displacement ductility ratio values. The energy dissipation capacity 
values of the specimens were calculated by calculating the area under the sections of the 
load–displacement graphs up to the failure point by adding them cumulatively. The area 
under each loading cycle in the sections up to the failure point of the load–displacement 
graphs was calculated separately. The specimens’ cumulative energy dissipation capac-
ity values were obtained by summing the calculated area for each cycle. The results of 
the specimens were calculated and presented in Table  4 (Anıl and Altın 2007; Altın 
et al. 2008a, b,  c, 2012, 2010; Kaya et al. 2018).

The proposed strengthening method within the study’s scope improves RC frames’ 
general load–displacement behavior with opening masonry infill walls and improves their 
performance under earthquake loading. The applied strengthening method increased the 
ultimate load capacity, initial stiffness, and energy dissipation capacity values of rein-
forced concrete frames with masonry infill walls by 83%, 226%, and 62%, respectively, 
but resulted in a 38% decrease in displacement-ductility ratios. The values given were cal-
culated by taking the average of the values obtained for all test elements. In the developed 
strengthening method, the reinforced stucco layer placed in front of the masonry infill wall 
is connected with both the infill wall and the RC frame with anchors. It is thought that this 
technique applied after the horizontal earthquake loading acting on the RC frame is trans-
mitted to the masonry infill wall together with the reinforced stucco layer. A larger part of 

Table 4   Experimental Results

Spec # Ultimate load capac-
ity (kN)

Drift ratio at ultimate 
load (%)

Initial stiff-
ness (kN/
mm)

Displacement 
ductility ratio

Cumulative energy 
dissipation capacity 
(kN-mm)

Forward Backward Forward Backward

1 42.00  − 40.00 2.00 1.27 7.64 3.33 2416
2 95.00  − 98.77 0.46 0.72 57.08 2.54 6286
3 72.15  − 68.03 1.18 1.10 28.66 2.15 5831
4 59.43  − 56.43 1.18 1.89 21.42 2.04 4148
5 64.92  − 63.61 0.35 1.23 24.36 1.90 5146
6 53.20  − 46.16 0.80 2.14 19.88 1.73 4005
7 157.30  − 157.59 0.93 0.80 562.50 1.50 11,282
8 135.12  − 136.41 1.25 1.25 41.82 1.40 8968
9 112.01  − 108.67 2.00 2.00 36.56 1.38 7176
10 121.05  − 111.44 1.14 1.14 38.76 1.75 7178
11 99.88  − 78.37 1.00 1.25 33.48 1.55 6521
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the infill wall works effectively. It contributes to the bearing capacity, stiffness, and energy 
dissipation capacity. As it is known, masonry infill walls that are not strengthened can be 
transferred effectively only in very small parts of the diagonal direction under reversible 
and repeated horizontal earthquake loading. In these small areas at the corners of the infill 
walls, where the horizontal earthquake load is transferred from the RC frames, the masonry 
reaches collapse in the RC frames with infill walls due to the crushing of the bricks or the 
separations in the infill wall joints in the diagonal lines. The stucco layer added in front 
of the infill wall with the strengthening method developed within the scope of this study, 
connecting both the infill wall and the RC frame with anchors, delayed the separation of 
the infill wall from the RC frame and played an active role in the bearing of the horizon-
tal earthquake loading in a much larger part of the infill wall. In addition, the reinforced 
stucco layer added to the front part of the infill wall increased not only the bearing capacity 
and stiffness but also the energy dissipation capacity, thereby improving the behavior of 
masonry infill walls, which exhibit an extremely brittle fracture mechanism under the effect 
of earthquake loading.

The ultimate load capacity, initial stiffness, and energy dissipation capacity values of 
the strengthened Specimen-7 without opening masonry infill wall exhibited higher values 
by 66%, 885%, and 79%, respectively, than the Specimen-2 without strengthening. The dis-
placement ductility ratio of Specimen-7 is 69% smaller than Specimen-2. The strengthen-
ing technique used on the masonry-infilled RC frame with opening specimens increased 
the ultimate load capacity, initial stiffness, and energy dissipation capacity values by 87%, 
61%, and 57%, respectively, while decreasing the displacement ductility ratio by 30%. The 
strengthening technique proposed within the study’s scope was successful when evaluated 
in terms of ultimate load capacity and energy dissipation capacity. All specimens with 
openings that were strengthened by adding a reinforced stucco layer passed Specimen-2 
without strengthening in terms of ultimate load capacity and energy dissipation capacity. 
The ultimate load capacity values and energy dissipation capacities of the strengthened 
specimens with openings were calculated to be 23% and 19% higher on average than the 
Specimen-2 without strengthening, respectively. However, the applied strengthening tech-
nique was unsuccessful in raising the initial stiffness and displacement ductility ratios of 
the masonry-infilled RC frame specimens to the level of Specimen-2 without strengthen-
ing. Specimen-2 without opening and strengthening has 53% higher initial stiffness and 
69% higher displacement ductility ratio values than the strengthened specimens with open-
ings. Of course, the main reason for the low success in stiffness and displacement ductil-
ity ratio is the openings in the masonry infill walls. However, the applied strengthening 
method demonstrated a significantly successful performance and managed to increase the 
ultimate load capacity and energy dissipation capacity values of the specimen’s masonry 
infill walls with openings to the level of the Specimen-2 with infill walls without opening 
and even above. With the strengthening applied, the negative impact of the openings in the 
ultimate load capacity and energy dissipation capacity performance indicators was com-
pletely eliminated and an even higher performance was achieved.

3.1 � Effects of opening size on experimental results

The effects of the masonry infill walls’ opening sizes on the RC frame systems are one 
of the factors investigated. When the results of the specimens without strengthened are 
examined, it is clear that the general load–displacement behavior of RC frame systems with 
masonry infill walls is negatively affected, and their performance under earthquake loading 
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decreases as the size of the opening on the masonry infill wall increases. The increase in 
the ratio of the opening area to the masonry infill wall area from 16 to 25% in the speci-
mens with masonry infill walls without strengthening with opening affected the earthquake 
performance negatively. The ultimate load capacity, initial stiffness, displacement ductility 
ratios, and energy dissipation capacity values all decreased by an average of 22%, 28%, 
8%, and 35%, respectively, in the specimens with masonry infill walls without strength-
ening with the opening. The increase in the size of the openings resulted in a decrease 
in all of the significant seismic performance parameters. A similar trend was seen in the 
strengthened specimens. Despite the effect of the strengthening method and an increase in 
the ultimate load capacity, initial stiffness, displacement ductility ratio, and energy dissipa-
tion capacities of the strengthened RC frames with masonry infill walls with openings, the 
expansion of the opening in the masonry infill walls harmed the seismic performance of 
the strengthened specimens. The increase in the opening area ratio to the total frame area 
from 16 to 25% in the strengthened masonry infill wall specimens with an opening and 
strengthening also negatively affected the seismic performance, similar to those without 
strengthening. The ultimate load capacity, initial stiffness, displacement ductility ratio, and 
energy dissipation capacity values of the strengthened masonry infill wall specimens with 
opening were decreased by an average of 21%, 15%, 13%, and 18%, respectively. The size 
of the openings left in the masonry infill walls has been extremely effective on the gen-
eral behavior of the RC frames with infill walls under earthquake loading, bearing capac-
ity, stiffness, and energy dissipation capacities, and caused a significant decrease in all of 
them. It is known that the behavior of RC frames with infill walls under the effect of hori-
zontal earthquake loading is calculated with an approach known as the strut-tie method, 
which calculates the contribution of infill walls to the horizontal load-bearing capacity. The 
increase in the size of the opening left in the infill walls prevents the formation of diagonal 
bars in the infill wall from transferring the horizontal load and highly limits the contribu-
tion of the infill walls to the bearing strength, stiffness, and energy dissipation capacity. 
The strengthening of the masonry infill walls with the reinforced stucco layer developed 
within the scope of this study and the attachment of the added reinforced stucco layer to the 
RC frame and the infill wall with anchors provided a much more efficient and uniform dis-
tribution of the horizontal earthquake loading acting on the RC frame to the masonry infill 
wall and the reinforced stucco layer. The negative effects of the infill wall of the opening on 
the load bearing and transmission mechanism have been reduced by the applied strengthen-
ing technique, and the infill wall has been provided to contribute to the bearing capacity 
more effectively.

3.2 � Effects of opening location on experimental results

Another variable examined in the study was the change in the positions of the openings left 
in the masonry infill walls. Openings in the middle or near the corner of the masonry infill 
wall affected the load–displacement behavior and earthquake performance. Depending on 
whether the opening is at the corner or middle of the masonry infill wall, the load–displace-
ment behavior and earthquake performance have been negatively affected. The ultimate 
load capacity, initial stiffness, displacement ductility ratio, and energy dissipation capacity 
values of the specimens decrease by an average of 11%, 13%, 16%, and 8%, depending on 
whether the opening is at the corner or the middle of the masonry infill wall. Similarly, the 
opening at the corner reduced the ultimate load capacity, initial stiffness, displacement duc-
tility ratios, and energy dissipation capacity values by 12%, 9%, 8%, and 17%, respectively, 
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compared to the opening in the middle. The variables investigated within the scope of the 
experimental study and the applied strengthening technique caused significant differences 
in the failure mechanisms of masonry-infilled RC frames with openings and affected the 
damage distribution. Figure 9 shows photographs of the damage distributions and failure 
mechanisms obtained after the completed experiments.

When the collapse mechanisms in Fig. 9 are examined, the bare RC frame (Specimen-1) 
failure mechanisms and the masonry-infilled RC frame without opening and strengthening 
(Specimen-2) in the experimental study are as expected. Specimen-1 showed a typical col-
umn collapse mechanism after the plastic hinges developed in the top and bottom regions 
of the RC bare frame columns. Specimen-1, which collapsed by exhibiting an undesirable 
collapse mechanism, behaved as expected, as observed in real structures with poor seis-
mic performance RC bare frames. The position of the openings left in the infill walls is 
an important parameter affecting the bearing capacity, stiffness, and energy dissipation 
capacities of RC frames with infill walls under earthquake loading. If the opening is in the 
middle or corner of the infill wall, the horizontal earthquake loading transmission mecha-
nism transferred from the RC frame to the infill wall changes. The fact that the opening 
is located in the middle of the infill wall dividing the infill wall into two wing walls and 
being in the form of a wing wall to support the RC frame columns causes a more effective 
load transfer mechanism to be formed than if the opening is positioned at the edge and in 
the form of a single infill wall section. The infill wall being in the form of two wing pieces 
has caused each infill wall to create its own diagonal strut and tie mechanism, to transfer 
the earthquake load and contribute more effectively to the bearing capacity, stiffness, and 
energy dissipation capacity. In addition, the fact that the infill walls are adjacent to the 
frame columns on both sides has also prevented the formation of a short column collapse 
mechanism in the columns. Positioning the opening at the edge caused the frame column 
on the side without the infill wall to show short column behavior. The infill wall part under 
the opening could not contribute effectively to the bearing capacity, stiffness, and energy 

Fig. 9   Failure modes of specimens after the test 
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dissipation capacity. The strengthening method developed within the scope of this study 
connects the infill wall and the RC frame in a much better way through the added rein-
forced stucco layer. With the anchors added into the reinforced stucco layer, the masonry 
infill wall, and the anchors added to the RC frame, the reinforced stucco layer was con-
nected to each other, creating a more effective load transfer mechanism. Although the posi-
tions of the openings left in the infill wall are still effective on the collapse mechanism, 
the effects of the openings on the failure mechanism became evident later on due to the 
increased story displacement at much larger story drift ratios. When the opening is placed 
at the corner of the RC frame, the short column behavior that occurs in the frame column 
in the failure mechanism has also been observed in the strengthened specimens. However, 
shear failure of the column occurred at much larger story displacement values until much 
higher bearing strength, stiffness, and energy dissipation capacity were reached, and the 
overall performance level increased under the effect of earthquake loading.

3.3 � Failure modes of specimens

The masonry infill wall without opening (Specimen-2) specimen also behaved as expected, 
and the masonry infill wall that filled the inside of the RC frame delayed the collapse of 
the RC bare frame by exhibiting a column collapse mechanism, thereby increasing the ulti-
mate load capacity, rigidity, and energy dissipation capacity values. The crushing at the 
upper corners of the masonry infill wall and the "X"-shaped shear cracks in the infill wall 
removed the infill wall’s positive contribution to the load-bearing system, and the RC bare 
frame collapsed via a column mechanism. In Specimen-2, which has an infill wall without 
opening and strengthening, the horizontal earthquake loading was transferred from the RC 
frame to the masonry infill wall with the imaginary diagonal bars formed in the masonry 
infill wall. However, due to local damages occurring in the upper corners of the RC frame 
at the ends of the imaginary masonry diagonal bars where the earthquake load is trans-
ferred to the masonry infill wall, the positive contributions of the masonry infill wall to the 
rigidity and horizontal force carrying capacity of the RC frame bearing system remained 
limited. The masonry infill wall was disabled before it could be used completely and did 
not effectively contribute to the performance of the bearing system. Similar failure mecha-
nisms were observed in Specimen-3 and Specimen-4, which have a symmetry axis opening 
in the center of the masonry infill walls. The openings left in the middle of the infill wall 
divided the masonry infill wall into two wing walls, and these wing infill walls on the left 
and right of the openings behaved like two independent wall pieces. Diagonal cracks were 
developed towards the frame corners from the corner areas where stress concentrations of 
the openings were left in the center of the infill wall. The wing infill walls on the left and 
right received heavy shear damage in the direction of the opening’s lower edge, crush-
ing the infill walls and causing the specimens to collapse. The cross-sectional areas of the 
wing walls on both sides of the opening are smaller because the opening in Specimen-4 is 
larger. As a result, shear damage at the opening’s lower corners and crushing on the infill 
wall were more severe. The openings left in the masonry infill walls of the Specimen-3 and 
Specimen-4 at the middle axis of symmetry caused the infill walls to be divided into two 
parts as two wing walls and prevented the formation of a pair of crossed bars as in Speci-
men-2. In Specimen-3 and Specimen-4, separate cross diagonal bars were formed on each 
of the wing infill walls on both sides of the opening. The damage to the wing infill walls of 
Specimen-3 and Specimen-4 occurred in the form of crushing on the masonry infill walls 
at the lower corners of the wing walls on both sides where they meet the RC frame. In the 
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upper parts of the wing walls on both sides of the openings, the shear cracks starting from 
the corner of the opening have widened. The failure mechanism in masonry-infilled RC 
frames has entirely changed in Specimen-5 and Specimen-6, where the openings are posi-
tioned at the frame’s corners. Short column behavior was observed in the specimens where 
the opening was close to the corner region, and the column received heavy shear damage 
in this region. In Specimen-5 and Specimen-6, where the openings left in the infill wall are 
located at the corner of the frame, a short column collapse mechanism occurred in the RC 
frame column that is not supported by the wing infill wall and is adjacent to the opening, 
while crushing was observed in the infill wall section located at the edge of the opening, 
starting from the corners of the diagonal bars. While the crushing occurring in the area 
where the bottom corner of the RC frame and the infill wall meet was more effective in 
Specimen-5, this crushing remained in a more localized, smaller area in Specimen-6. The 
shear damage in the column of Specimen-5 adjacent to the opening was much greater than 
that of Specimen-6 and the column was much more severely damaged.

Strengthened Specimen-7 without opening and other strengthened specimens with 
openings have revealed that diagonal cracks occurring in the entire infill wall are not local-
ized in the direction of the RC frame’s main diagonal or at the opening’s corners, and 
shear cracks spread throughout the infill wall. By forming a single main shear crack in the 
diagonal direction, the stucco layer prevented the masonry infill wall from being crushed 
in a small area at the corners or collapsing. With the applied strengthening method, the 
masonry infill wall placed within the RC frame and the beams and columns forming the 
RC frame were combined with anchors and reinforced stucco layer, ensuring that the hori-
zontal earthquake force applied to the frame was distributed much better to the parts that 
make up the entire structural system. In the specimens where the strengthening method 
was not applied, the positive contribution of the infill walls to the bearing capacity, rigid-
ity and general behavior of the system was eliminated as a result of crushing in local small 
areas that occurred at the corner points in the direction of the diagonal of the RC frame in 
the masonry infill wall, while in the strengthened specimens, the masonry infill walls con-
tinued to contribute to the earthquake performance of the system. In the applied strength-
ening method, the reinforced stucco layer placed in front of the masonry infill walls dis-
tributed the horizontal earthquake load from the RC frame through anchors throughout the 
masonry infill wall and caused the infill wall to contribute to the bearing capacity, rigidity 
and general earthquake performance in a much more efficient way. As a result, the horizon-
tal earthquake load transferred from the RC frame to the masonry infill wall is distributed 
throughout the infill wall. When the failure mechanisms of Specimen-7, 8, 9, 10, and 11 in 
the strengthened test series were examined, it was observed that the applied strengthening 
method was extremely effective on the behavior of the specimens and significantly changed 
the failure mechanisms.

In addition to the positive effects of the strengthening method developed within the 
scope of the study on the earthquake performance, general load displacement behavior, 
ultimate load capacity, stiffness, displacement ductility ratios and energy dissipation capac-
ities of RC frames with masonry infill walls with openings, it also affects the damage and 
crack distribution by changing the collapse mechanisms. In order to see that it has a posi-
tive effect, the crack distributions of the strengthened specimens with openings are given 
in Fig. 10. When the crack distributions given in Fig. 10 are examined, it is shown that the 
strengthening technique developed within the scope of the study prevents cracks and dam-
age from concentrating in a local region in the end regions of the bars in the direction of the 
diagonals of the masonry infill walls. The strengthening method has shown that the cracks 
are distributed over the entire infill wall surface and the masonry infill wall contributes to 
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the horizontal earthquake load carrying capacity more efficiently. The reinforced stucco 
layer used in the strengthening technique developed within the scope of the study took the 
horizontal earthquake load through environmental anchors placed on the RC frame and 
transferred it to the entire masonry infill wall through "L" shaped anchors placed on the 
masonry infill wall surface. It prevented the damage from being localized in one area with 
the cracks that occurred in the infill wall due to the horizontal earthquake load and ensured 
that it was dispersed. When the crack distributions were examined, it was seen that in the 
Specimen-8 and Specimen-9, where the opening was located in the middle of the infill 
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Fig. 10   Crack distributions of strengthened specimens with openings
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wall, the infill wall was divided into two wing walls and the crack distributions developed 
in such a way that two different independent diagonal bars were formed on the wing walls 
on both sides of the opening. However, as stated before, the strengthening technique devel-
oped prevented the cracks from concentrating in the diagonal directions of the wing infill 
wall and enabled them to be distributed over the entire infill wall surface, as seen in the 
figures. In Specimen 10 and Specimen 11, where the openings are located at the corner 
of the infill wall, it can be seen that crack distributions occur in diagonal directions and a 
single diagonal bar pair is formed in the infill wall sections that remain as a single piece in 
the sections where there is no opening in the infill walls. However, it was observed that the 
applied strengthening method prevented the cracks from localizing in the diagonal direc-
tion and allowed them to spread over the entire infill wall. An important difference in the 
crack distributions occurring in the specimens where the opening is located at the corner of 
the infill wall is the occurrence of short column behavior in the RC frame column located 
next to the opening and the formation of many bending and shear cracks in the column.

The strengthening method developed within the scope of the study completely changed 
the failure mechanism that occurred under the effect of horizontal earthquake loading in 
the RC frame specimens with masonry infill walls and distributed the damage by prevent-
ing the local crushing damage occurring at the diagonal strut ends of the infill wall and 
ensuring that the entire infill wall effectively took a share of the horizontal earthquake 
force. This change in the failure mechanism caused by the developed strengthening method 
has partially changed the sudden brittle fracture mechanism.

3.4 � Stiffness and energy dissipation capacity chancing behavior

When Fig. 11 is examined, it has been shown that the applied strengthening technique has 
not only a positive effect on the initial stiffness but also that the decrease in stiffness due to 
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Fig. 11   Variation graphs of the stiffness of the specimens according to the story drift ratio
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the increase in the story drift ratios of the specimens is limited by the applied strengthening 
method. The stiffness values decreased more slowly with the increase in the story drifts in 
the specimens to which the strengthening technique was applied. With the same approach, 
in addition to the total cumulative energy dissipation capacities of the specimens given in 
Table  4, the energy dissipation capacities of the specimens change with increasing dis-
placement values, as presented graphically in Fig. 12. The normalized displacement values 
for each cycle were calculated by dividing the energy dissipation capacities of the speci-
mens calculated in each cycle by 33 mm displacement, corresponding to a 1.0% story drift 
ratio of the maximum displacement value achieved in the cycle. The displacement values 
of the specimens at the maximum load level reached in each loading cycle were normalized 
by proportioning them to the 33 mm displacement value corresponding to the 1.0% story 
drift ratio value. The main reason for using 1.0% story drift ratio and the corresponding 
33 mm displacement value in this normalization process is that this value is included in the 
regulations as the severe damage limit for RC frame type structures (European Committee 
for Standardization 2004). In the graph presented in Fig. 12, the normalized displacement 
values of the specimens on the x-axis are summed up, and the cumulative normalized dis-
placement value is obtained. Each cycle’s energy dissipation values are summed up on the 
Y axis, and the cumulative energy dissipation capacity is obtained. When the graphs pre-
sented in Fig. 12 are examined, it has been shown that the applied strengthening technique 
increases the energy dissipation capacity of the specimens for each cycle. The increase in 
the energy dissipation capacity of the specimens continued starting from very low story 
displacement values, and the strengthened specimens continued the increasing trend in 
their energy dissipation capacities in each cycle.

The strengthening method recommended within the scope of this study is recommended 
for structures with inadequate earthquake performance, that do not have sufficient horizon-
tal earthquake load carrying capacity and rigidity, that have RC frame bearing systems that 
have many fundamental errors in their design, and that are likely to completely collapse 
or be severely damaged in the event of an earthquake. As stated in the article, a RC frame 
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in which the strengthening was applied had design errors such as strong beam and weak 
column connections, insufficiency of shear reinforcement in columns and beams, and lack 
of shear reinforcement density in column-beam connection nodes. In this type of frame, it 
is a bearing system that may collapse by forming a column mechanism under the influence 
of horizontal earthquake loads, its earthquake performance is extremely inadequate, and 
its structural bearing system ultimate load capacity and rigidity are very inadequate. Since 
the earthquake performance of a RC frame with these features is insufficient, its energy 
dissipation capacity and ductility will be extremely low. Due to the selection of this type of 
RC frame, the first aim in the strengthening method applied is to significantly increase the 
bearing capacity and rigidity of the structural system with the strengthening performed. Of 
course, while the bearing capacity and rigidity are increased with the strengthening method 
applied, it is important that the energy dissipation capacity and ductility are not negatively 
affected. However, in a system whose bearing capacity and rigidity are very insufficient, it 
is necessary to first improve these properties, limit the story drift ratios of the building, and 
prevent it from collapsing or receiving severe damage due to excessive deformations. With 
the strengthening method proposed in this study, the bearing capacity and initial stiffness 
values of the RC frame bearing system with masonry infill walls, which has many design 
errors and insufficient earthquake performance as stated above, were increased by an aver-
age of 83% and 226%, respectively. In addition, with the proposed strengthening method, 
although there was a 38% decrease in the ductility ratio, the energy dissipation capacity of 
the bearing system was increased by an extremely high rate of 62% on average. When these 
results are evaluated, it is thought that the proposed strengthening technique will be effec-
tive and successful in increasing the earthquake performance of the building if the results 
are generalized and applied to a real building consisting of RC frames with such structural 
design errors (Angelis and Pecce 2020).

4 � Numerical study

Experimental studies on strengthened masonry-infilled RC frames are limited due to 
their cost and time consumption. The method developed within the scope of this study 
is a strengthening method and was developed for the strengthening of undamaged struc-
tures that are likely to be damaged in an earthquake. It should be kept in mind that a sep-
arate experimental study should be carried out on the extent to which a similar method 
can be successful for retrofitting damaged structures. The developed method is proposed 
to strengthen undamaged structures with insufficient earthquake resistance. To account for 
changes in the parameters, such as the opening sizes and positions, the experimental study 
produced 11 different specimens. This section of the study provides details on the numer-
ical models that were developed. It explains variables like contact properties, boundary 
conditions, and loadings. The results of the experimental study and computer analysis were 
compared. The numerical part of the study used ABAQUS/Explicit finite element software. 
When the literature was examined, it was seen that the number of studies presenting com-
prehensive numerical analysis models analyzing the behavior of RC frames with masonry 
infill walls with openings under the influence of earthquake loading was extremely limited 
(Akhoundi et al. 2016; Flippou et al. 2023; Milijaš et al. 2023). No study has been found 
in the literature examining the numerical analysis of RC frames masonry infilled walls 
with openings strengthened with the innovative strengthening method examined within the 
scope of this study.
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Following the geometrical dimensions of 11 test specimens, finite element models 
were created. The models’ concrete, masonry, and stucco layers were created using 
C3D8 elements. This cube-shaped, eight-node linear brick element has eight edges and 
eight corner nodes (Akhoundi et al. 2016). T3D2 elements are used to model the rein-
forcements. This element refers to a 2-node linear triangular element, which is a triangu-
lar-shaped element with two corner nodes and three edges (Smith 2009). R3D4 (4-node 
3-D bilinear rigid quadrilateral) elements are also used to model the rigid surface area 
that represents the top of the foundation. The finite element model and reinforcement 
information in the assembly created for Specimen 9 are shown in Fig. 13. The reinforced 
concrete frame is the green element in this assembly. The frame element’s reinforce-
ments can be seen right next to it. The masonry, the stucco layer’s reinforcement, and 
the stucco layer are shown. On the far right is the rigid surface element used to model 
the contact between the foundation and the elements on it. The end of the stucco layer 
reinforcement foundation side, the rigid surface element, and the bottom of the column 
are all modeled as fixed. Translational and rotational freedoms are restrained. While the 
numerical analysis models of the specimens were being created, the foundation beam 
parts of the RC frames were not modeled in order to reduce the size of the model and 
save computer time. It is thought that the RC frames of the specimens behave in a way 
that can be considered as fixed supports in the lower parts where they meet the founda-
tion beam. For this reason, the surface shown as a gray surface on the far right in Fig. 13 
is defined as a fixed support and all freedoms on this surface are restrained. All com-
ponents such as the concrete volume of the RC frame, reinforcements, masonry infill 
wall volume, reinforcement layer added to the infill wall and stucco layer volume, which 
constitute the specimens, were coupled to this fixed surface. The model’s top surface 
was used to load uniformly. As an example, the boundary conditions, contact surfaces, 
and loading surfaces used in the finite element model are given in Fig. 14 for the Speci-
men 9 test element. A suitable mesh size was determined by testing various mesh sizes 
on the model. Within the scope of the study, sensitivity analysis was performed to select 
the appropriate finite element mesh sizes. For the analyzes made for Specimen-9, as an 
example, the graph showing the variation of the story displacement value according to 
the selected element size is given in Fig. 15. When this graph was examined, it was seen 
that the most suitable mesh size was 20 mm. For the solid infill wall model, there are 
22,410 finite elements in the reinforced concrete frame, 21,000 in the brick wall, and 
6000 in the stucco layer. Thus, there are 51,293 elements in the model, including 49,410 

Fig. 13   Specimen 9 element 
mesh, part assembly
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linear hexahedral elements of type C3D8, 1403 linear line elements of type T3D2, and 
480 linear quadrilateral elements of type R3D4.

Cyclic loading was performed in the lab experiment. But considering the analysis 
time, only a one-way pushover analysis was carried out in the numerical study. Using a 
standard solver does not offer an effective solution when material degradation or failure, 
such as concrete cracking, will result in a discontinuity in the solution. So, Abaqus/
Explicit was used for numerical analysis. An approach to mathematically integrating 
the equations of motion through time is known as explicit dynamics. Nonlinear, quasi-
static analysis can be analyzed using explicit solvers. When a horizontal load is applied, 
shear and tensile forces develop on the surface between the reinforced concrete frame 
and the infill wall. Usually, the damage starts on this contact surface. After the surface 
is damaged, friction force can transfer the load. In the numerical analysis model car-
ried out using the ABAQUS finite element software presented within the scope of the 
study, all components forming the experimental elements were modeled with the micro 
modeling approach in the geometry and in the most detailed way possible, as they were 
actually produced. The masonry infill wall within the RC frame was not modeled with 
a diagonal bar, but was modeled as a separate volume in the geometry in which it was 

Fig. 14   Specimen 9 contact surfaces, load and boundary conditions, and embedded regions

Fig. 15   Specimen 9 sensitivity 
analysis graph for determining 
the finite element mesh size
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actually produced. As a result of modeling the components that make up the specimens 
as separate volumes and continuous environments, the contact surfaces of these separate 
continuous environments must also be modeled and some parameters must be defined 
for load transfer to these contact surfaces. Likewise, in some continuous environments 
such as reinforcement, it was necessary to model them as embedded in other volumes 
and to define some parameters in this regard. The contact surfaces and embedded vol-
umes in the specimens are given in Fig. 14 for the Specimen-9 selected as an example. 
It has been stated that damage begins at the interface of the RC frame and masonry infill 
wall due to the loading applied to the RC frame, and then, after damage occurs on the 
surface, the loading continues to be transferred only by friction. This is the approach 
used on the contact surface between the RC frame and the masonry infill wall. In their 
study, Motovali et  al. modeled the contact surface with the cohesive contact surface 
(Motovali et  al. 2018). Abaqus traction–separation behavior is initially linear elastic. 
The elastic behavior is written in an elastic structural matrix that relates the nominal 
stresses along the interface to the nominal stresses (Akhoundi et al. 2016). In this Eq. 1, 
coupling effects are not considered.

In this place tn = normal traction, ts and tt = shear tractions, δ = separation vector.
The traction–separation laws in ABAQUS are divided into energy-based criteria 

for damage evolution and stress and strain-based criteria for damage initiation. When 
a quadratic interaction function involving the nominal stress ratios (as defined in the 
expression below) reaches a value of 1, the damage is assumed to have started (Eq. 2). 
The traction–separation laws graph used in the study is given in Fig. 16 (Debnath et al. 
2023; Campilho et al. 2008).
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Fig. 16   Traction–separation response



Bulletin of Earthquake Engineering	

1 3

When the corresponding damage initiation criterion is reached, the cohesive stiffness 
degrades at a rate determined by the damage evolution law. Evolution based on the effec-
tive displacement approach is used in the model (Smith 2009). The data are shown in 
Table 5.

Concrete is a brittle material with nonlinear properties which can be defined by the 
concrete damage plasticity (CDP) model. Other concrete constitutive models using the 
smeared crack method are available in the ABAQUS material library (Hafezolghorani et al. 
2017). The concrete damaged plasticity model’s main objective is to accurately predict 
how concrete structures behave under cyclic and dynamic loading. The model can analyze 
other quasi-brittle materials, including masonry, mortar, and rock. Borah et al. (Borah et al. 
2020) used the CDP method to model the masonry wall with the macro modeling method 
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Table 5   Cohesive contact 
behavior between masonry and 
concrete materials (Smith 2009)

Description Value

Tangential behavior 0.57
Normal behavior Hard contact
Cohesive behavior
Traction separation behavior
Stiffness coefficients
Knn 11 MN/m
Kss 11 MN/m
Ktt 11 MN/m
Damage
Initiation
Normal only 0.1 MPa
Shear 1 only 0.15 MPa
Shear 2 only 0.15 MPa
Evolution
Total/plastic displacement 1 mm
Exponential parameter 10

Fig. 17   Stress–strain curves for CDP models
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in the study. Material models created in masonry, stucco, and concrete elements are shown 
in Fig.  17. The values obtained from the material tests and the parameters calibrated to 
match the test results are shown in Table 6. Rebars are modeled as discrete elements. This 
way, the reinforcing truss structure is fully embedded in the reinforced concrete elements. 
The anchors between the stucco layer and the masonry infill wall are also perfectly bonded. 
According to the information gleaned from the test results, the reinforcement proper-
ties used in the models were modeled as bilinear material, and these values are shown in 
Table 7.

There are many theories about the damaged model in a finite element method (FEM) 
analysis reported in the literature. Among the damaged models, the concrete damaged 
plasticity (CDP) model is considered the most reliable use in simulation. Based on this 
model, by using many other techniques, many damaged models have been proposed. Most 
improved techniques are based on developing a new stress–strain relationship in both com-
pression and tension or proposing a novel function to calculate damaged parameters in 
compression (dc) and tension (dt). Lubliner et al. (1989) was proposed a novel constitutive 
model lied on plasticity theory for the non-linear analysis of concrete. A new yield criterion 
was presented which accounts for both elastic and plastic stiffness degradations effects. 
Comparing results between numerical simulation and experimental methods showed that 
the model responded well to applications. Carol et al. (2001) was presented as a formu-
lation for tensile damage. One of the important advantages of the model is that closed-
form solutions are possible for some loading cases. Damaged models which are based on 
presenting a novel curve of stress–strain in three dimensions stress can find in reports of. 
Ahmed et al. (2020) were proposed a damaged model based on the novel stress account-
ing for damaged shear. The new stress makes further decompose tensile and compressive 

Table 6   Summary of CDP parameters

Description Concrete Masonry Stucco Unit Source/Reference

Elastic modulus 25,196 1200.00 15,443.10 MPa Calculated
Poisson ratio 0.2 0.15 0.20 – Calculated
Density 2.4 2.0 2.4 t/m3 Experiment
Dilation angle 40° 20° 48° degree Calibrated/Borah et al. (2020)
Eccentricity 0.10 0.10 0.10 Calibrated
fb0/fc0 1.16 1.16 1.16 Calibrated
K 0.5 0.75 0.67 Calibrated
Viscosity parameter 0.0025 0.001 0.002 Calibrated
Ultimate compression strength 25 2.16 8.00 MPa Experiment
Maximum tensile stress 2.5 0.216 0.8 MPa Calibrated

Table 7   Mechanical properties of steels

E (MPa) Poisson ratio Density (t/m3) Yield Strength (MPa) Ultimate Strength 
(MPa)

ф6 Rebars 210,000 0.30 7.90 330 410
 > ф6 Rebars 205,000 0.30 7.90 544 585
Mesh 207,000 0.30 7.90 576 615
Source Experiment Calculated Experiment Experiment Experiment
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parts into pure biaxial shear and pure tensile/compressive biaxial stresses. The theory of 
Lubliner theory (Lubliner et al. 1989) was employed to develop a new method to modify 
the damaged concrete model by Lee and Fenves (1998). Thus, this proposed model was 
accounted for confinement having a uniform and non-uniform condition. Jason et al. (2006) 
introduced the new function to calculate the damaged elastic–plastic. This model has over-
come the limitations of pure elastic–plastic damage in the case un-loading phase. Grassl 
et al. (2011) were used the combination of damage mechanics and plasticity flow to inves-
tigate the concrete structure under dynamic loading conditions, etc. The concrete damaged 
plasticity model (CDP) in combination with the tensile damage variable (dt) and compres-
sive damage variable (dc) were followed by Birtel and Mark (2006).

Table 8 presents a summary of the results of the numerical study. The test results on the 
concrete samples produced relatively low standard deviations for the compressive strengths. 
Analyses were carried out using the average of these values to provide a general statement. 
The pushover analysis results were compared to a portion of the cyclic load–displacement 
envelope curves obtained from laboratory experiments in one direction. In Fig.  18, this 
comparison is displayed. As a result, it was discovered that the results were largely consist-
ent. Figure 19 illustrates failure patterns under ultimate load consistent with symmetrical 
models. The change of direction of the load affected the crack propagation and caused the 
differentiation of the resulting mechanism. However, this situation did not create a signifi-
cant difference when compared in terms of consumed energy. In the experimental study, 
the loading history given in Fig. 6 is applied, which is repeated reversibly on the specimens 
in both directions. However, in the numerical analysis study carried out within the scope 
of the study, a pushover analysis was performed by applying a loading in one direction to 
the analysis models. For this reason, the damage distributions given in Fig. 19 can only 
be compared with the damage distributions obtained from the experimental study with an 
aspect obtained in the forward loading steps. In the experimental study, it was impossible 
to compare the damage and cracks occurring in the backward cycles in the other direction 
with the crack distributions obtained due to the numerical analysis. Since the static push 
over analysis was carried out by applying force in one direction in the numerical analysis 
study, it was observed that there were diagonal cracks in one direction in the specimens, 
depending on the applied loading direction, and sections where crushing occurred in the 

Table 8   Comparison of 
experimental and finite element 
analysis results

Spec. No Ultimate load (kN) Displacement at ultimate 
load (mm)

Experiment FEM Ratio Experiment FEM Ratio

1 42.00 31.91 0.76 22.00 12.10 0.55
2 94.00 69.97 0.74 9.04 8.20 0.91
3 72.15 68.62 0.95 12.99 8.80 0.68
4 59.43 59.02 0.99 12.93 8.10 0.63
5 64.92 59.90 0.92 3.84 9.80 2.55
6 53.20 51.84 0.97 8.82 13.30 1.51
7 155.00 174.10 1.12 10.27 10.90 1.06
8 135.12 95.39 0.71 13.75 17.35 1.26
9 112.01 83.44 0.74 22.00 20.10 0.91
10 121.05 94.35 0.78 12.54 14.00 1.12
11 99.88 95.30 0.95 11.00 14.40 1.31
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end regions of the diagonal bars formed in the masonry infill walls, depending on the load-
ing direction. When evaluated from this perspective, it was not possible to compare the 
damage distribution obtained as a result of the experimental study with the damage distri-
bution obtained as a result of numerical analysis. However, although the cracks and dam-
age distribution resulting from the effect of horizontal force applied in one direction are 
obtained as a result of the numerical analysis, it is seen that there is a significant similar-
ity and harmony between the experimental damage distribution and the numerical analysis 
damage distribution. It is seen that the damage distribution obtained from the numerical 
analysis and the experimental damage distribution are concentrated at the same points, the 
cracks occur and progress in the same direction, and the failure mechanisms are generally 
compatible.

As a result of the numerical analysis, it is seen that the initial stiffness values and gen-
eral load–displacement behavior of all specimens have been determined quite successfully 

Fig. 18   Comparison of experimental and numerical load–displacement graphs
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Fig. 19   Comparison of tensile damage on ultimate load and experimental damage distribution
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Fig. 19   (continued)
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and in accordance with the experimental load–displacement graphs. Especially in the 
decreasing capacity section after the point where the ultimate load capacity is reached, 
where the decrease in ultimate capacity occurs from the numerical analysis model, a very 
compatible and successful simulation has been obtained with the experimental results. 
However, in Specimen 8, 9, and 10 where the strengthening method was applied, the ulti-
mate load capacity was calculated lower than the experimental results in the numerical 
analysis. It is thought that the main reason why the capacity values calculated as a result 
of numerical analysis are lower than the experimental capacity is due to the fact that the 
damage parameters of the masonry and the stucco layer added for strengthening purposes 
are not fully known. In the numerical model, CDP material model was used for all three 
materials: concrete, masonry and stucco layer. It is possible to find a large number of stud-
ies and commonly preferred values in the literature regarding the parameters that can be 
used for concrete in the CDP material model. However, no study has been found in the 
literature regarding the CDP model parameters that can be used for the masonry and stucco 
layer added for strengthening. It is thought that the compatibility of the numerical analysis 
results with the experimental results can be increased for Specimen 8, 9 and 10, which 
were strengthened by performing a parametric study regarding these values.

5 � Conclusions

This study aims to develop a strengthening technique that can be applied quickly and easily, 
does not require complicated labor, and is low in cost, all while causing minimal disrup-
tion to the residents. It is aimed to examine the effects of the openings left in the masonry 
infill walls for the passage of the door, window, and installation systems on the strengthen-
ing technique in the structures with the RC frame-type bearing system with insufficient 
seismic performance. Except for the RC bare frame and the RC frame system with solid 
masonry infill walls, the reference specimens and two groups with openings were produced 
in the study. One of these groups contains specimens that have been strengthened using the 
research’s recommended reinforced stucco layer addition method, while the other contains 
specimens that have not been strengthened. These experiments determined how the pro-
posed strengthening method improves overall load–displacement behavior and seismic per-
formance. Furthermore, nonlinear finite element models of the specimens were simulated 
using ABAQUS finite element software, and the numerical analysis results were compared 
and interpreted with the experimental results. The results obtained are shown below.

Fig. 19   (continued)
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•	 It has been observed that the openings left in RC frames with masonry infill walls 
harm the frames’ behavior when subjected to earthquake loading. The openings in the 
masonry infill wall reduced the ultimate load capacity, initial stiffness, displacement 
ductility ratio, and energy dissipation capacity values. The increase in the dimension of 
the opening in the masonry infill walls had a significant negative impact on the general 
load–displacement behavior and performance of the masonry-infilled RC frames under 
earthquake loading. The increase in the dimensions of the opening in the masonry infill 
wall caused a decrease in the ultimate load capacity, initial stiffness, displacement duc-
tility ratio, and energy dissipation capacity values.

•	 The fact that the openings in the masonry infill walls are located in the corners close to 
the frame had a larger negative impact on the behavior under the effect of earthquake 
loading than the fact that they are in the middle of the frame.

•	 The proximity of the opening to the corner of the masonry infill wall caused a decrease 
in the ultimate load capacity, initial stiffness, displacement ductility ratio, and energy 
dissipation capacity values. Furthermore, the proximity of the opening to the corner 
resulted in short column behavior and shear cracks in the RC frame column.

•	 The study’s recommended masonry-infilled RC frames with openings by adding a 
rebar-reinforced stucco layer strengthening approach improved the overall load–dis-
placement behavior and performance under seismic loading. The ultimate load capac-
ity, initial stiffness, and energy dissipation capacities of RC frames with masonry-
infilled increased significantly. The negative effect of the applied strengthening method 
on displacement ductility ratios was also limited. When the proposed strengthening 
method for the masonry-infilled RC frame with an opening is compared to the RC 
frame with masonry infill wall without openings in terms of ultimate load and energy 
dissipation capacities, it has caught up to and even surpassed the performance of the 
RC frame with masonry infill wall without openings.

•	 However, when evaluated in terms of initial stiffness and displacement ductility ratios, 
the strengthened specimens with an opening masonry infill wall could not reach the 
performance level of the solid infill walls.

•	 The study’s recommended strengthening approach also positively affected the failure 
mechanisms of masonry-infilled RC frames. The reinforced stucco layer ensured that 
the horizontal earthquake loading transmitted from the frame to the infill wall was 
distributed evenly across the entire infill wall. Local corner crushing in the infill wall 
and local shear cracks in the diagonal direction is restricted. The shear cracks spread 
throughout the infill wall, and the reinforced stucco layer added to its bearing strength. 
Furthermore, the strengthening method reduced the shear damage in the column caused 
by the short column mechanism that occurs when the opening is in the corner.

•	 Within the scope of the study, suggested masonry-infilled RC frames with openings by 
adding rebar-reinforced stucco layer strengthening technique that can be applied in con-
siderably less time, with less work, less disturbance to building occupants, and at a very 
cheap cost compared to existing traditional techniques.

•	 In the experimental study carried out within the scope of this study, the RC frame with 
masonry infill walls was tested in the plane of the specimens under the effect of horizontal 
earthquake loads. The developed strengthening method aims to increase the performance 
of the infilled frame specimens under the effect of horizontal earthquake loading within 
their planes. For this reason, the out-of-plane behavior of RC frames with masonry infill 
walls is out of the scope of this study. In this regard, no measurements were taken from the 
specimens, and a type of loading to examine their out-of-plane behavior was not applied 
to the specimens. However, when the developed reinforcement technique is examined in 
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terms of the out-of-plane behavior of RC frames with masonry infill walls, it is thought 
that it will give positive results and improve behavior in this respect. As it is known, 
when the out-of-plane behavior under the effect of earthquake loading in RC frames with 
masonry infill walls without strengthening is evaluated, it is seen that the weak connection 
of the RC frame and the masonry infill wall affects the performance negatively. RC frames 
with infill walls without strengthening collapsed out of their planes due to the separation 
of the infill wall from the RC frame at very low load levels and story drift ratios. It is 
thought that the strengthened stucco layer added on the masonry infill wall in the devel-
oped strengthening technique will be attached to both the infill wall and the RC frame 
with a large number of anchors, which will prevent the infill wall from separating from the 
RC frame to a large extent. In addition, the strengthened stucco layer is thought to ensure 
that the infill wall behaves as a whole and like a reinforced plate that tries to bend out of 
its plane. However, all this interpretation is based only on the authors’ predictions, and 
during the tests carried out, no loading to test the out-of-plane behavior was applied to the 
specimens, and no experimental data were obtained by taking any deformation measure-
ments. As stated above, the specimens in this study were tested by loading them in their 
planes, and the developed strengthening technique was evaluated in terms of how much 
it improved the performance of RC frames with masonry infill walls under the effect of 
earthquake loads in their planes.

•	 With the numerical analysis performed, the general load–displacement behavior of all 
experimental specimens tested in the experimental program, initial stiffnesses, and the 
decrease in capacity after reaching the ultimate load capacity were obtained successfully 
and in accordance with the experimental results. However, the ultimate load capacities 
calculated by numerical analysis in the strengthened specimens were determined to be 
smaller than the experimental capacity values.

•	 It was thought that the main reason why the ultimate load capacity values calculated from 
the numerical analyzes carried out for the strengthened specimens were lower than the 
experimental values was due to the CDP model parameters used for masonry and stucco 
layer, and a comprehensive study should be carried out to determine these parameters.
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