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Abstract
Reinforced concrete (RC) frames with masonry infills can be encountered all over the 
world, especially in earthquake prone regions. Although masonry infills are usually not 
considered in the design process, in the case of seismic loading they are subjected to in-
plane and out-of-plane forces that can act separately or simultaneously. In recent earth-
quakes it was observed that seismic loads can severely damage masonry infills or even 
cause their complete collapse, especially when the loads act simultaneously. Due to 
this, effects of interaction of in-plane and out-of-plane loads on seismic performance of 
masonry infills have received more attention recently. However, most of studies focus only 
on fully infilled frames, even though openings, such as windows and doors are essential 
parts of infills that substantially affect the seismic response of masonry infills. Therefore, 
this article presents the results of a comprehensive experimental study on nine full-scale 
traditional masonry RC frames infilled with modern hollow clay bricks for configurations 
with and without window and door openings under separate, sequential and combined in-
plane and out-of-plane loading. Based on the results, a detailed comparison and interpreta-
tion for the different infill and loading configurations is presented. The test results clearly 
show the unfavourable influence of openings and combined loading conditions as well as 
the importance of the quality of execution of the circumferential mortar joint between infill 
and frame. The new findings can be used as a basis for the required development of innova-
tive solutions to improve significantly the seismic performance of RC frames with masonry 
infills.
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1 Introduction

In modern construction practice, reinforced concrete (RC) frames with masonry infills con-
stitute a large portion of commercial and residential multi-storey buildings. This is due 
to several reasons. Firstly, RC frame structures appropriately designed for seismic loading 
provide an excellent seismic performance due to high deformation and dissipation capac-
ity. In addition to this, they are characterized by cost-efficient construction as their erec-
tion requires simple building methods and less skilled labour in comparison to steel struc-
tures. In most of the RC frame structures masonry infills are installed as interior or exterior 
walls, since they represent an environmentally friendly solution which has distinguished 
with high energy efficiency, significant fire resistance and excellent sound isolation. Fur-
ther advantages of the utilization of this enclosure system in frame structures are its simple 
and economical construction process, durability and fulfilment of requirements of modern 
and attractive architecture.

In the current engineering practice, RC frames represent load-bearing structures that 
need to be designed in accordance with building codes that consider seismic actions. How-
ever, masonry infills are generally considered as non-structural elements that are neglected 
in the design process due to the lack of simple analytical design models (Marinković 
2018c). This assumption is justified for vertical loads, as masonry infills are installed 
after the construction of the surrounding frames without vertical load transfer between 
frame and infill, but it is not valid for lateral loads induced by seismic excitation, since 
masonry infills are traditionally installed in direct contact to the frame and the remaining 
gaps between infill and frame are filled with mortar. Under seismic loading conditions, RC 
frames with relatively low stiffness deflect and activate the much stiffer masonry infills, 
which results in a complex interaction between the RC frame and infills. This interaction 
was described and investigated by several authors (Moghaddam and Dowling 1987; Meh-
rabi et al. 1996; Crisafulli 1997; Chrysostomou and Asteris 2012).

Generally, the contribution of infills leads to a significant increase of the horizontal 
stiffness of the overall structural system and the overall capacity of structures is strongly 
dependant on the regularity of their distribution in plan and elevation (Di Trapani et  al. 
2015). On one side, regularly distributed masonry infills may reduce the deforma-
tion demand and improve the energy dissipation capacity of infilled frame structures, as 
observed in past earthquakes (Decanini et al. 2005, 2012). On the contrary, an asymmet-
ric distribution of masonry infills that are not considered in the design can cause addi-
tional torsional effects, which introduce additional forces, especially in concrete columns 
of the outer frames (Fardis 2006). Furthermore, the increase of the lateral stiffness of the 
structure caused by the activation and contribution of masonry infills decreases the natural 
period of vibration of the structure and leads to an increase of accelerations and inertia 
forces acting on the structure. However, masonry infills are characterized by a rather stiff 
and brittle response resulting in partial or complete failure and thus a sudden loss of resist-
ance at lower drift values. This leads to a transfer of the high forces previously attracted 
and carried by the infilled frames to the bare frames with lower resistances (Marinković 
2018c). Moreover, failure of overloaded masonry infills might cause additional critical tor-
sional effects, even if the masonry infills are arranged regularly (Butenweg et al. 2019). To 
make matters worse, in addition to in-plane drift demands, masonry infills are also sub-
jected to seismic forces perpendicular to the wall plane, since the earthquake actions affect 
the structure in all three spatial directions. Therefore, in-plane and out-of-plane loading can 
act separately or simultaneously on single masonry infills.
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Considering the shortcomings of traditionally infilled RC frames and the combined 
seismic action effects, it is not surprising that these structures demonstrated a huge vul-
nerability in recent earthquake events in Lorca (Spain, 2011), L’Aquila (Italy, 2009), 
Emilia Romagna (Italy, 2012), Central Italy (2016) and Albania (2019). The docu-
mented observations from field campaigns show that most of the damage affected non-
structural elements, i.e., exterior masonry infills and internal partition walls, as they 
experienced typical in-plane, out-of-plane and mixed failure mechanisms (Ricci et  al. 
2011; Braga et  al. 2011; Hermanns et  al. 2014; Manfredi et  al. 2014; Perrone et  al. 
2019; Marinković et  al. 2022). Furthermore, significant damage in RC elements and 
beam-column joints due to local interaction with infill panels and poor reinforcement 
detailing was reported as well, but to a smaller extent (Ricci et  al. 2011; Hermanns 
et al. 2014; Manfredi et al. 2014; Marinković et al. 2022), while complete collapses of 
buildings occurred mostly due to irregularities in plan and elevation (Ricci et al. 2011; 
Hermanns et al. 2014; Manfredi et al. 2014; Marinković et al. 2022).

The influence on the structural behaviour of frame structures due to masonry infills 
has been already recognized in the middle of the 20th century (Ockleston 1955; Read 
1965). Numerous research projects have been conducted to study the unpredictable seis-
mic response of frame structures with masonry infills and to prevent the occurrence of 
damage. Most of the experimental and numerical studies were focused on the investiga-
tion of pure in-plane loading to gain a better understanding of the frame-infill interac-
tion and its influence on the overall structural seismic response. Based on the results of 
the first experimental studies, Polyakov (1960) and Smith (1966) suggested the idealiza-
tion of infilled frames as braced frames with diagonal compression struts representing 
the contribution of the masonry infill. However, the results of numerous studies carried 
out (Mainstone 1971; Paulay and Priestley 1992; Angel et al. 1994; Mehrabi et al. 1996; 
Flanagan and Bennett 1999a; Chrysostomou and Asteris 2012) showed that the level of 
contribution of masonry infills cannot be easily determined as it depends on the specific 
failure modes of the masonry infill or the surrounding frame. According to Crisafulli 
(1997) and El-Dakhakhni et  al. (2003) the dominant failure modes of masonry infills 
subjected to in-plane loading are shear failure due to sliding, diagonal tension failure of 
the bricks along the diagonal compression struts and compression failure of the diago-
nal compression struts or the corners. In principle, the type of failure mode that might 
occur in the RC frame with masonry infill mostly depends on the mechanical and geo-
metrical characteristics of the masonry infill, the design of the surrounding frame and 
the stress state induced in the infill panel. Potential failure modes of surrounding RC 
frames due to interaction effects are described in Crisafulli (1997).

The out-of-plane response of masonry infills was not so intensively investigated as 
in-plane loading. The formation of the arching effect was experimentally investigated 
by McDowell et al. (1956a, b). The performance of masonry infills under out-of-plane 
loading was further studied with experimental tests conducted by Dawe and Seah 
(1989a), Angel et  al. (1994) and Flanagan and Bennett (1999b), among others. These 
authors investigated the parameters affecting arching action and concluded that masonry 
infills installed with full contact to the surrounding frame can reach several times higher 
out-of-plane capacities in comparison to the limited flexural capacity. Depending on the 
boundary conditions, out-of-plane loading can be resisted by one- or two-way arching 
mechanism. However, the lack of contact between the infill and frame caused by a poor 
quality execution of the mortared contact joint at the top of the wall (Manfredi and Masi 
2014) or mortar shrinkage (Dafnis et  al. 2002) can cause a tilting of the entire infill 
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panel out of the frame. The influence of workmanship on out-of-plane response has also 
been recently addressed by Akhoundi et al. (2018).

Although the out-of-plane collapse of masonry infills is mainly expected to occur on 
upper storeys, masonry infills can also suffer substantial damage or complete failure due to 
interaction of in-plane and out-of-plane actions in lower storeys of buildings (Braga et al. 
2011; Perrone et al. 2019; Marinković et al. 2022). Therefore, several experimental cam-
paigns (Angel et  al. 1994; Flanagan and Bennett 1999b; Calvi and Bolognini 2001; Da 
Porto et al. 2013, Furtado et al. 2016; Morandi et al. 2017; Akhoundi et al. 2018; Ricci 
et al. 2018a,b; Butenweg et al. 2019; De Risi et al. 2019; Xie et al. 2021) focused on the 
influence of damage due to prior in-plane loading on the out-of-plane response of masonry 
infills. In these investigations, the level of the prior imposed in-plane drift, the slender-
ness of the infill panel, the infill aspect ratio and the condition of the frame-infill connec-
tions were identified as the governing parameters on the out-of-plane response of masonry 
infills. Despite the growing number of experimental studies on the influence of sequentially 
applied loads on infilled frames in the recent years, there is a lack of available data on the 
seismic response of RC frames filled with modern high thermal-insulating masonry bricks 
with large wall thicknesses.

The interaction of in-plane and out-of-plane actions was studied with simultaneous 
application of in-plane and out-of-plane loading in a limited number of research pro-
jects. Angel et al. (1994) concluded that the presence of constant in-plane forces did not 
affect the out-of-plane capacity of masonry infill, but the in-plane drifts were too small 
for a general conclusion. Flanagan and Bennett (1999b) carried out experimental tests on 
masonry infilled frames with fixed horizontal displacements applied to the centreline of 
the top beam, while the cyclic out-of-plane loading was applied to the masonry infill in 
order to provide simultaneous action of loadings from two perpendicular directions. The 
authors reported that the specimen was able to maintain the out-of-plane resistance and 
stability due to developed arching action, even though the wall was severely damaged. On 
the other side, results of experimental tests recently conducted by Butenweg et al. (2019) 
show the detrimental effect of combined in-plane and out-of-plane actions which led to 
excessive out-of-plane deformations and sooner collapse of the masonry infill. In addition, 
the premature collapse of AAC masonry infill under combined in-plane and out-of-plane 
loads was detected in the experimental campaign carried out by Binici et al. (2018). The 
adverse effects of simultaneous load actions on seismic performance of masonry infills 
were also recognized in several numerical studies (Kadysiewski and Mosalam 2009; Yuen 
and Kuang 2014).

In most of the studies only fully infilled frames were considered. Infilled frames with 
openings due to the arrangement of windows and doors were investigated to a lesser extent. 
The results of experimental campaigns in which infilled frames were investigated under 
pure in-plane loading (Dawe and Seah 1989b; Mosalam et al. 1997; Al-Chaar et al. 2003; 
Kakaletsis and Karayannis 2008; Stavridis 2009; Tasnimi and Mohebkhah 2011; Mansouri 
et al. 2014; Sigmund and Penava 2014) unambiguously show that the presence of openings 
leads to reduction of in-plane stiffness and strength. However, the level of reduction highly 
depends on the location, type and size of opening and has not been fully investigated so 
far. Furthermore, the results for masonry infilled RC frames with openings in literature 
are somewhat contradictory. Among others, Tasnimi and Mohebkhah (2011) and Mansouri 
et al. (2014) reported an increase of the damage level in masonry infills and thus a reduc-
tion of the deformation capacity of infilled frames because of the openings, while Mosalam 
et al. (1997) attributed slower crack propagation and higher deformation capacity to infilled 
frames with openings. Further experimental campaigns (Kakaletsis and Karayannis 2008; 
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Tasnimi and Mohebkhah 2011; Mansouri et  al. 2014; Sigmund and Penava 2014) show 
changes of the failure mechanism due to the presence of openings, which is reasonable 
due to the rather different stress fields. The more complex behaviour of RC frames with 
masonry infills with openings clarifies, that a simple and reliable prediction of the seismic 
response of RC frames with masonry infills appears to be even a more challenging problem 
since the openings are essential elements in masonry infills.

The effect of openings on the out-of-plane response of masonry infills was investigated 
only by a limited number of researchers (Dawe and Seah 1989a; Verlato et al. 2016; Sep-
asdar 2017; Akhoundi et al. 2018; Furtado et al. 2021). A significant decrease in both out-
of-plane load and deformation capacity was reported in works of Verlato et al. (2016) and 
Sepasdar (2017). Dawe and Seah (1989a) and Akhoundi et al. (2018) confirmed the reduc-
tion of deformation capacity of masonry infills with window openings, whereas they sum-
marized that the out-of-plane capacity remained unchanged. More recently, Furtado et al. 
(2021) reported the reduction of out-of-plane capacity due to the openings, but larger out-
of-plane displacements at 80% of maximum force in the post-peak stage. The contradictory 
findings and interpretations clearly show that the role of openings in infills loaded perpen-
dicular to their plane has not been sufficiently investigated.

Moreover, the deficiency of results of investigations on the response of masonry infilled 
RC frames with openings under combined in- and out-of-plane loading is reported. In the 
study of Morandi et  al. (2017) only one sequential loading test was carried out on par-
tially infilled RC frame. Da Porto et al. (2020) analysed the out-of-plane response of fully 
and partially infilled RC frames with unreinforced and reinforced masonry infills previ-
ously subjected to different in-plane drifts. Despite the significant damage to the panels 
due to in-plane load, formation of a stable vertical arching mechanism was observed in 
these tests and explained by the strong and thick bricks of the infills. Furtado et al. (2021) 
have recently studied the out-of-plane behaviour of infilled frames with different opening 
configurations and damage levels due to prior in-plane loading cycles. One of the conclu-
sions was a 25% higher out-of-plane capacity of the prior damaged specimen with opening 
in comparison to the undamaged specimen. This result was not expected and explainable, 
especially because thin brick units (t = 15 cm) were used for the wall construction.

Results of the experimental and numerical studies have been used for development 
of practically applicable analytical models that will enable consideration of masonry 
infills in building models. Most of the authors, e.g. Mainstone (1971), Paulay and 
Priestley (1992), Flanagan and Bennett (1999a, 2001) focused on the estimation of 
in-plane initial stiffness and in-plane load capacity using the simplified strut models. 
However, equivalent strut models are usually calibrated against specific experimental 
or numerical tests and their application to masonry infills with different mechanical 
or geometrical properties can usually result in large errors, even in determination of 
the in-plane initial stiffness necessary for a simple linear elastic analysis. In addition 
to this, presence of openings requires more complex, multiple strut models (Thiru-
vengadam 1985, Hamburger and Chakradeo 1993) or introduction of reduction factors 
(Al-Chaar 2002; Asteris et  al. 2012), which all increases the uncertainty in in-plane 
stiffness and strength estimation. More detailed explanations of diagonal strut models 
can be found in state-of-the-art papers of Crisafulli et al. (2000), Asteris et al. (2011) 
and Di Trapani et al. (2018). Furthermore, simple analytical equations for calculation 
of out-of-plane capacity have been proposed by Angel et al. (1994), Flanagan and Ben-
nett (1999c) and Ricci et al. (2018c), among others. Nevertheless, the clear directions 
that can be used for verification of masonry infills in both directions are still missing in 
most of the codes. As mentioned, effects of load interaction have only recently gained 
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more attention by the research community and the topic entails further investigation. 
Angel et  al. (1994), Morandi et  al. (2013) and Cavaleri et  al. (2020), among others, 
proposed reduction factors for out-of-plane capacity due to previous in-plane loads. 
However, reduction factors are usually derived from the limited experimental database 
and a more comprehensive database is required, especially for simultaneous in- and 
out-of-plane load cases.

2  Research significance

The different conclusions summarized from existing studies confirm the complexity 
to predict the seismic response of frame structures with masonry infills. The results 
of pure in-plane and out-of-plane experimental tests on fully infilled frames could be 
used as a basis to identify the failure modes of masonry infills in the respective loading 
directions and the governing parameters affecting the seismic performance of infilled 
frames. However, contradictory results obtained from the limited number of available 
studies show the necessity for further investigations of RC frames infilled with modern 
masonry typologies under combined loading conditions.

Additionally, differing conclusions on the effect of openings on the in-plane and 
out-of-plane behaviour of infilled frames clarify that openings introduce additional 
intricacy in the assessment of frame-infill interaction effects. Moreover, limited experi-
mental results for sequential loading and missing experimental studies on the effects of 
combined in-plane and out-of-plane actions point at the necessity for systematic evalu-
ation of behaviour of masonry infills with openings under combined loading.

This article presents the results of a comprehensive experimental campaign in which 
quasi-static cyclic tests were carried out on full scale RC frames with masonry infills 
made of modern hollow clay bricks with high thermal and acoustic performance. The 
full-scale infilled RC frames are subjected to pure in-plane and out-of-plane as well as 
sequential and simultaneous in-plane and out-of-plane loading. Experimental results 
for fully infilled RC frames and partially infilled RC frames with openings for different 
loading conditions are presented to fill the existing gap in the literature. The novelty of 
this experimental study is the application of sequential and simultaneous in-plane and 
out-of-plane loading on full scale masonry infilled RC frames with openings. Experi-
mental results are thoroughly evaluated and compared for fully infilled RC frames and 
RC frames with window and door openings.

Furthermore, this experimental study provides extensive information on the effect 
of openings on in-plane load and deformation capacity of RC frames filled with thick 
modern infills. The results present in-plane load capacity and initial stiffness reduction 
in function of opening percentages. In addition to this, out-of-plane capacity reduction 
due to previously or simultaneously applied in-plane loads is investigated.

Different in-plane and out-of-plane load-resisting mechanisms are identified for 
tested infills with and without openings, which represent novel findings on seismic 
behaviour of infilled RC frames. Specifically detrimental crack patterns are observed 
on masonry infills with openings subjected to combined seismic loadings. The 
obtained knowledge from this study is of the utmost importance for the further devel-
opment of the innovative measures that need to be implemented to prevent the damage 
in infills and their collapse.
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3  Test description

The experimental study consists of nine tests summarized in Table 1. In test T1 the solid 
infilled frame is subjected to pure out-of-plane loading in order to determine the out-of-
plane capacity without the influence of openings. Masonry infills with window and door 
opening are subjected to pure out-of-plane loading in tests T4 and T7, respectively. In test 
T2 the fully infilled frame is subjected to sequentially applied in-plane and out-of-plane 
loading, while in tests T5 and T8 infilled frames with window and door opening, respec-
tively, are first subjected to the load applied in in-plane direction, then in the out-of-plane 
direction and again in in-plane direction. In tests T3, T6 and T9 the simultaneous out-of-
plane and in-plane loading is applied to all considered infill configurations.

3.1  Test programme, test set‑up and material characteristics

The test set-up designed to apply pure in-plane and out-of-plane loading, as well as simul-
taneous in-plane and out-of-plane loading is illustrated in Fig. 1. One-way hydraulic actua-
tors with a capacity of 600  kN are used for the application of the vertical forces to the 
columns of the RC frame. The actuators are connected to a pressure accumulator to ensure 
a nearly constant pressure during the test. The actuators are placed on top of the columns 
and covered by a traverse that is connected to two steel rods per column. The steel rods are 
connected to the frame at the foundation beam of the frame with specially designed steel 
angles. This set-up allows the application of vertical loads by activation of tension forces in 
the rods with the actuators.

Table 1  Test programme with opening arrangements and loading types

T1: Solid infilled frame
OOP

T2: Solid infilled frame
IP – OOP

T3: Solid infilled frame
OOP + IP

T4: Infilled frame with 
window opening 

OOP

T5: Infilled frame with window 
opening

IP – OOP - IP

T6: Infilled frame with window 
opening

OOP + IP

T7: Infilled frame with door 
opening 

OOP

T8: Infilled frame with door 
opening 

IP – OOP - IP

T9: Infilled frame with door 
opening 

OOP + IP
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The cyclic in-plane load is applied by two servo hydraulic-controlled actuators, each 
with a maximum force of 250 kN and a stroke of ± 20 cm, for a total capacity of 500 kN. 
These actuators are connected on one side to a strong reaction wall and on the other side 
to the top beam of the RC frame. The transfer of tension forces is realized by four steel tie 
rods running horizontally along the top beam and anchored to a strong steel plate at the 
end.

The out-of-plane loading is applied by means of four airbags with a capacity of about 60 
tons at 8 bar each. In order to push the wall in the unfavourable direction from the inside 
to the outside, the airbags are installed between the infill and a timber reaction wall at the 
back of the wall. The reaction wall is made of eight vertical and four horizontal H20 tim-
ber scaffolding beams. Between the airbags and the beams timber scaffolding plates are 
installed. The out-of-plane reaction wall is connected to the beams of the RC frame by four 
threaded M36 8.8 rods. The holes for the rods are depicted in Fig. 2. At each of the rods 
load cells with a capacity of 500 kN are installed, which measure the applied out-of-plane 
force.

The RC frames are fixed to the strong laboratory floor by two anchors at both ends of 
the bottom beam (Fig.  1) and prestressed with 400  kN. In Fig.  2, the holes are shown. 
Additionally, the frame is supported at both sides by steel supports and wedges to avoid 
sliding between the RC frame and the strong floor.

The RC frame with solid masonry infill is shown in Fig.  2 and the RC frames with 
openings are presented in Fig.  3. The design of the frame was carried out according to 
DIN EN 1998–1 (2010) and DIN EN 1992-1-1 (2011) for ductility class L. The considered 
frame represents an exterior frame of a five-storey frame structure with regular geometry 
and stiffness distribution. The columns have 25/25 cm quadratic cross sections, whereas 
the beams were designed for a rectangular cross section of 25/45 cm. The reinforcement 
arrangement in the cross sections is shown in Fig. 2. The diameter of installed stirrups is 
10 mm and the regular spacing is 15 cm, which is reduced to 10 cm in the critical regions 
of the beam and columns at the RC frame corners up to a distance of 50 cm.

Fig. 1  Test set-up developed for pure, sequential, and simultaneous in- and out-of-plane tests
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The RC frame is made of concrete with strength class C30/37 and reinforcing steel 
B500B with high ductility. The construction of masonry infills was carried out in a usual 
way of bricklaying. Thermoplan SX10 clay bricks with narrow vertical voids are connected 
by Maxit 900D thin layer mortar that was placed in the bed joints. Head joints are executed 
as dry joint connection without mortar, as usual in practise. General purpose mortar is used 
for the height compensation at the bottom of the wall and around the lintels in infill con-
figurations with window opening. The remaining gap between the bricks and the surround-
ing RC frame is filled with mortar. The execution of the top joint is carried out carefully 
by a special pump, which completely and perfectly fills the top gap with thin layer mortar. 
Although the percentage of voids of the hollow clay bricks is quite high (56%), the layout 
and narrow geometry of the voids enabled falling of the thin layer mortar into the voids and 
formation of strong connection at the top. This corresponds to perfect boundary conditions, 
which cannot be assumed on all construction sites.

The summary of the material properties and strengths of the masonry infill determined 
by means of standardised small specimen tests on bricks, mortar and masonry is presented 

Fig. 2  RC frame specimens with solid masonry infill

Fig. 3  RC frames specimens with masonry infills containing openings
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in Table 2. The tests are carried out according to DIN EN 772 (2016) for bricks, DIN EN 
1015 (2007) for mortar and DIN EN 1052 (1998) for the material properties and strength 
parameters of the masonry. Each of the tests is carried out with the prescribed number of 
specimens in the codes.

3.2  Instrumentation and measurement points

On Fig. 4 the arrangement of the measurement points on the RC frame and masonry infill 
is shown. In all considered configurations, in total seven inductive displacement transduc-
ers are used to record horizontal and vertical displacements of the RC frame. Among them, 
two LVDTs are placed directly on the hydraulic actuators used for the application of in-
plane displacement. Furthermore, the total horizontal force is obtained as a sum of forces 

Table 2  Material properties and strengths

Mortar 
MAXIT

Mortar type Compressive strength
fm (MPa)

Flexural tensile strength
fm,flex (MPa)

Thin layer 
mortar 12.8 2.4

General purpose 
mortar 16 2.4

Brick 
Thermo

plan
SX10

Dimensions 
L/T/H (mm)

Normalised compressive strength
fb (MPa) Voids (%) Gross dry 

density (kg/m3)
247/300/249 Vertical Longitudinal

52.8 628
11.01 1.92

Masonry

Compressive strength
fk (MPa)

Modulus of 
elasticity
Em (GPa)

Flexural strengths
fxk1, fxk2 (MPa)

2.4 4.7

Parallel to the 
bed joints: 

fxk1

Perpendicular
to the bed joints: 

fxk2

0.26 0.12

Fig. 4  Position of measurement points on the RC frame and solid masonry infill



3547Bulletin of Earthquake Engineering (2023) 21:3537–3579 

1 3

measured by force transducers that are attached to each hydraulic actuator too. The dis-
position of six inductive displacement transducers installed to measure the out-of-plane 
displacements of masonry infills is shown on Fig. 4 for the case of solid masonry infill. In 
specimens containing masonry infills with centric window opening, LVDT CH15 is moved 
from the centre of the infill to the left edge of the window, whereas for specimens with 
centric door opening, six LVDTs that measure out-of-plane displacements are positioned 
along the edges of both wall piers, having three LVDTs located along the edge of each pier. 
The combined out-of-plane force imposed to the masonry infill is measured by load cells 
that are placed at each rod. On Fig. 4, dashed squares present position of airbags for full 
infills. In infills with openings, airbags are shifted closer to columns to minimize the sur-
face of airbags that covers the opening area.

In addition to inductive transducers (LVDTs) which are placed on the RC frame and rear 
side of the infill, the full displacement field at the front side of the infill is covered by two 
cameras which are part of the GOM system which is capable of plotting strains and dis-
placements in all three directions. Due to the requirements of GOM system, the front side 
of all specimens is painted in recognizable pattern.

3.3  Test sequence

At the beginning of the test, the two one-way hydraulic actuators on each side are used 
to apply a vertical load of 200  kN per column which simulates the vertical loads of an 
external frame in a representative five-storey building. This level of vertical load is kept 
constant throughout the whole test. The horizontal in-plane loading is applied displace-
ment controlled with a sinusoidal load function. The in-plane loads are applied stepwise 
with three repetitions on each level of in-plane displacement. The displacements increase 
gradually up to the maximum interstorey drift of 1.6% referring to a total storey height of 
2.75 m. In-plane load applied from left to right corresponds to positive loading direction. 
The out-of-plane loading is applied by four air bags with loading and unloading cycles and 
the resulting out-of-plane force is constantly measured by force transducers on the threaded 
rods to the RC frame.

3.4  Significance/Aim of load protocols

Load protocols that are applied in the experimental campaign are carefully selected in 
order to simulate various load combinations that can occur in an actual earthquake event. 
Pure out-of-plane tests are important for the upper floors, where masonry infills are domi-
nantly subjected to out-of-plane accelerations. Furthermore, load protocols in combined 
in-plane and out-of-plane tests are essential to investigate the seismic performance of 
masonry infills in the lower and middle storeys of buildings. Nevertheless, in combined 
in-plane and out-of-plane tests the attention needs to be paid to differences of sequential 
and simultaneous load protocols. In sequential loading tests in-plane and out-of-plane load-
ing phases are applied separately, in sequence, starting with in-plane loads. In this way, the 
effect of previous in-plane damage on out-of-plane response is studied. In simultaneous 
loading tests in-plane and out-of-plane loads are simultaneously applied to masonry infills. 
Furthermore, according to Eurocode 8 (2004), design of structures shall be done in a way 
that horizontal components of the seismic action are acting simultaneously. In that sense, 
this important aspect should be also considered for infills. Considering the earthquake spa-
tial nature, this reflects the most realistic scenario.
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4  Experimental results

4.1  Out‑of‑plane loading tests

4.1.1  Test T1

In test T1 the fully infilled masonry RC frame is subjected to out-of-plane loading. The 
load protocol, load–displacement curve and selected experimental results at the ultimate 
load level are presented in Table 3. In the first load cycle up to 90 kN the formation of a 
two-way arching mechanism with rather low displacements takes part. The first remark-
able stiffness reduction is caused by an opening of the central bed joints at a force of 
approximately 70 kN. In the second load cycle, the stiffness decreases continuously while 
approaching the maximum out-of-plane load of 175.6 kN (25.2 kN/m2). The degradation 
of the stiffness at higher load levels is caused by the progressive crushing of the thin webs 
of the hollow clay brick units SX10 along the compression arch in vertical direction.

The strong frame-infill connections remain undamaged and thus limit the rotation of 
the upper- and lowermost row of bricks. Consequently, the out-of-plane displacements are 
small, even at higher load levels. The crack pattern captured just before the collapse of the 
masonry infill shows an X-crack pattern corresponding to the yield line theory of RC slabs 
and a vertical crack through head joints and bricks in the right part of the panel. At the ulti-
mate load level, the masonry infill experiences a sudden explosion-like collapse and a part 
of the panel falls out of wall plane. The stability failure of the brick is confirmed by the 
fact that the webs of the bricks at the top and bottom in compression are almost completely 
destroyed, while the webs in tension remain undamaged. The high out-of-plane capacity is 
reached by the arching effect with perfect boundary conditions at top and bottom.

Table 3  Test T1: Load protocol, load–displacement curve and experimental results

Load protocol Load-displacement curve

Strain [%] at 
Fmax = 175.6 kN

Explosion like collapse at 
Fmax = 175.6 kN Final damage
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4.1.2  Test T4

In test T4 out-of-plane loading is applied to the four-side supported masonry infill with 
centrally positioned window opening covering about 18% of the total panel surface. The 
load protocol, load–displacement curve and selected experimental results at the ultimate 
load level are presented in Table 4. The out-of-plane capacity of the specimen is 230.2 kN 
which corresponds to a uniform surface load of 40.2 kN/m2. In the first two cycles up to 
the out-of-plane force of 80 kN the infill behaviour is almost linear. At this load level a 
first reduction in stiffness takes part due to a stepwise cracking in the upper left part of the 
masonry infill. A substantial drop-down of the stiffness is observed in the next load cycle 
with a force of 110 kN. In the following cycles, the X-crack pattern typical for four-sided 
masonry infills according to the yield line theory clearly emerges. The layout of the crack 
pattern is somewhat similar to the solid infill in test T1, although the window opening is 
present. In addition to strong vertical arching established in both piers left and right to the 
window, horizontal arching is generated in the upper and lower infill parts not intersected 
by the window opening. The two-way arching mechanism, the strong frame-infill connec-
tions and the low slenderness ratio limit the increase of out-of-plane displacements, even 
at higher load levels. The largest out-of-plane displacements are measured on edges of the 
window opening due to the missing horizontal arching effect. Similar to the infill in test 
T1, visible damage is not observed and the stiffness degradation is again caused by the 
crushing of the webs under compressive stresses generated by the arching effects. At the 
maximum out-of-plane force of 230.2 kN, the right part of the infill panel fails in an explo-
sive-like manner and falls out of wall plane. Similar to the test T1, the strong frame-infill 
connections limit the rotation of the infill panel at the top and bottom and trigger crushing 
of brick units with narrow voids under high compressive stresses. This sudden and brittle 

Table 4  Test T4: Load protocol, load–displacement curve and experimental results

Load protocol Load-displacement curve

Strain [%] at 
Fmax = 230.2 kN

Explosion like collapse at 
Fmax = 230.2 kN Final damage
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collapse is followed by intense sound of bricks crushing, since a large amount of energy 
accumulated within the wall is released during the wall collapse.

4.1.3  Test T7

In test T7 out-of-plane loading is applied to the masonry infilled frame with a centric full-
height door opening that takes about 38% of the panel surface. The load protocol, load–dis-
placement curve measured on the left infill pier and selected experimental results at the 
maximum load level are presented in Table 5. The specimen reaches an ultimate out-of-
plane force of 145.3 kN which corresponds to a uniform surface load of 33.6 kN/m2. In the 
second load cycle, first stepwise crack takes part at the top part of the left pier at a force of 
60 kN causing a change of the initial slope of the load–displacement curve. In the follow-
ing the stiffness continuously degrades due to the occurrence of new cracks in head and 
bed joints. The distribution of cracks in both piers corresponds to crack pattern of three-
sided masonry infills. The behaviour of the piers is governed by a strong vertical arching 
effect. However, the column-infill connections with mortar provide an additional support in 
perpendicular direction. Therefore, the largest out-of-plane displacements are measured at 
the mid height of the pier edges next to the door opening. The first inclined cracks through 
the bricks are observed in the fifth load cycle in the lowermost rows.

In the last load cycle the stiffness continuously decreases as a result of more pronounced 
cracking and crushing of bricks close to the supporting beams at top and bottom. The test 
is eventually terminated at the force level of 145.3 kN due to rapidly increasing out-of-
plane displacements and for safety reasons. The behaviour of the masonry infill with a 
door opening is similar to the solid masonry infill in test T1, as the formation of the verti-
cal arching effect is decisive to reach high ultimate loads. The missing horizontal arching 
effect leads only to a reduction of 18% in comparison to the solid masonry infill in test T1.

Table 5  Test T7: Load protocol, load–displacement curve and experimental results

Load protocol Load-displacement curve

Strain [%] at 
Fmax = 145.3 kN

Cracks in the bricks (right pier)
Fmax = 145.3 kN

Cracks in the bricks (le� pier)
Fmax = 145.3 kN
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4.2  Sequential loading tests

4.2.1  Test T2

In test T2 the fully infilled RC frame is subjected to sequential loading. The load protocol, 
the in-plane cyclic load–displacement curve, the out-of-plane load–displacement curve and 
selected experimental results are presented in Table 6.

The cyclic in-plane load–displacement curve shows the first stiffness reduction in nega-
tive direction at a drift of 0.022% (60 kN). More significant decrease in stiffness starts 
at a drift of 0.027% (75 kN) due to more pronounced stepwise cracks through head and 
bed joints. In positive direction the significant drop in stiffness occurs at a drift of 0.035% 
(110 kN) again caused by stepwise cracking.

The behaviour in the following load cycles is similar in both loading directions. Due to 
the deformation of RC frame, the masonry infill is activated and multiple diagonal struts 
separated by openings along the head and bed joints are generated. No detachment of the 
infill to the frame is observed as the frame deformation is completely absorbed by opening 
and closing of the joints, even at higher displacement amplitudes. Figure 5a shows the ver-
tical displacement field with uplift of the top beam and local rotations of the bricks along 
the compression strut, both allow the opening and closing of head and bed joints. The 
specimen reaches a maximum force of 280 kN (0.8%) and 263 kN (0.95%) in positive and 
negative direction, respectively. The in-plane loading phase is terminated at a drift of 1.2% 
with significant damage to the masonry infill. Figure 5b shows the damage on the back side 
in the most damaged middle row. The damage on the front side is less pronounced due to 
the protrusion of the infill panel on the front side.

The in-plane loading phase is followed by eleven cycles of out-of-plane loading. The 
test is terminated at an out-of-plane force of 90 kN (12.9 kN/m2). At this load level the 
out-of-plane displacements increase very quickly and residual out-of-plane displacements 
remain after the last imposed load cycle. Since the infill panel is damaged by previous 
in-plane load cycles, the out-of-plane stiffness is highly decreased, the maximum out-of-
plane load capacity is two times lower and the maximum displacements are two times 
larger compared to test T1 (Table 12). Nevertheless, the strong two-way arching action is 
also the governing load-resisting mechanism as the previous in-plane damage occurs in 
the infill panel while the mortared joints between the masonry infill and RC frame remain 
undamaged.

4.2.2  Test T5

In test T5 sequential in-plane and out-of-plane loading is applied to the masonry infilled 
frame with window opening. At first, cyclic in-plane displacements are imposed up to a 
drift of 1.1%. Afterwards, the in-plane load is suspended and two cycles of out-ot-plane 
loading are applied up to the total out-of-plane force of 61.6  kN which corresponds to 
a uniform surface load of 10.8 kN/m2. In the last loading phase in-plane load cycles are 
applied up to the failure of the infill panel at 1.6% of drift. The load protocol, the corre-
sponding in-plane and out-of-plane cyclic load–displacement curves and selected experi-
mental results are presented in Table 7.

The hysteresis loops for the in-plane loading phases and their envelope show that the 
decrease of stiffness starts at horizontal load levels of 50  kN (0.044%) in positive and 
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57 kN (0.056%) in negative direction and continues up to 0.2% of drift with minor step-
wise cracks in the parts of the infill below and above window opening. At the drift level 
of 0.2% a stepwise cracking through both piers emerges. Similar to the test T2 for the fully 

Table 6  Test T2: Load protocol, load–displacement curve and experimental results

Load protocol

IP – Cyclic load-displacement curve OOP – Load-displacement curve
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infilled frame, the deformation of the RC frame initiates the development of diagonal struts 
in the piers which contribute to the in-plane resistance of the infilled frame. However, due 
to window opening covering about 18% of the total area of the masonry infill, only a few 
steep diagonal struts are generated that lead to a reduction of the in-plane capacity by about 
30% in both loading directions compared to the test T2. The maximum horizontal forces 
are obtained with 200 kN (0.8%) in positive and 185 kN (0.8%) in negative direction. The 
damage at a drift of 1.1% is characterized by diagonal cracking of both piers with con-
centrated damage of the outer shells of the bricks next to window opening as shown in 
Table 7. Figure 6 shows the heavy damage on the back side of the infill with spalling of the 
outer shells of the bricks as well as crushing of thin brick webs and shells at drift levels of 
0.8% and 1.1%.

The out-of-plane load–displacement curve shows that the maximum out-of-plane force 
of 61.6 kN is reached in the second loading phase. At this load level the out-of-plane dis-
placements of the right pier increase uncontrolled with large residual displacements. Since 
the infill panel is damaged by the previous in-plane load cycles, the out-of-plane stiffness 
is substantially decreased and the out-of-plane capacity is reduced to only 27% compared 
to test T4. However, the vertical arching effect is fully activated in the piers and in horizon-
tal direction below and above the window opening, as the frame-infill connections are not 
damaged due to in-plane loading. Table 7 depicts the out-of-plane deflection with maxi-
mum displacements at left and right to the windows caused by the disturbed arching mech-
anism in horizontal direction at the maximum load level of 61.6 kN. It should be noted that 
most of the cracks origin from the previous in-plane loading phase.

After the out-of-plane loading phase, three in-plane cycles are applied on three drift 
levels up to a maximum drift of 1.6%. The collapse at 1.6% of drift is characterized by the 
failure of the piers left and right to the window opening. The in-plane load–displacement 
curve confirms the observed damage propagation, as the horizontal force remains constant 
between 1.2 and 1.6% of drift.

Fig. 5  Vertical displacements at 0.8% drift (a) and damage to the back side of masonry infill at 1.2% drift 
(b)
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Table 7  Test T5: Load protocol, load–displacement curves and experimental results

Load protocol  

 

IP – Cyclic load-displacement curve  OOP – Load-displacement curve  
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4.2.3  Test T8

In test T8 sequential in-plane and out-of-plane loading is applied to the masonry infilled 
frame with door opening. The load protocol, the corresponding in-plane and out-of-plane 
cyclic load–displacement curves and selected experimental results are presented in Table 8. 
The loading protocol consists of cyclic in-plane displacements up to a drift of 1.1%, out-
of-plane loading up to the total out-of-plane force of 39.7 kN corresponding to a uniform 
surface load of 9.2 kN/m2 and in-plane cyclic loading up to the collapse of specimen at a 
drift of 1.6%.

In the first in-plane loading phase, a stiffness reduction takes part at a drift of 0.1% that 
corresponds to horizontal forces of 75 kN in positive and 83 kN in negative loading direc-
tion. The reduction is caused by barely visible opening of head and bed joints in the bottom 
parts of both piers which become more evident at 0.2%.

At a drift of 0.4% diagonal cracking starts in the middle of the infill piers and in the 
subsequent load cycles these cracks expand and appear in the upper parts of the piers too. 
Diagonal struts generated in both piers contribute to the overall in-plane stiffness and 
strength. At a drift of 0.5% crushing of the bottom bricks in diagonal struts occurs due to 
high compressive stresses and propagates in further cycles (Fig. 7). The maximum hori-
zontal load of 132.4 kN is reached at a drift of 1.0% in positive loading direction, whereas 
the maximum horizontal load of 146.5 kN in negative loading direction is reached in the 
last in-plane loading cycle at a drift of 1.6%. Due to the door opening covering about 38% 
of the panel surface, the maximum horizontal force decreases by 53% in positive and 44% 
in negative loading direction in comparison to fully infilled frame in test T2.

The load–displacement curve of the following out-of-plane loading phase shows a sig-
nificant decrease of out-of-plane capacity and stiffness in comparison to test T7 (Table 12). 
This is due to the large areas in both piers with cracks through joints and bricks that have 
emerged under prior in-plane loads. The out-of-plane capacity is 39.7 kN and thus only 
27% of the capacity of specimen T7. Similar to the tests T2 and T5, despite prior in-plane 
load, the frame-infill connection provides stable boundary conditions for the formation of 
the vertical arching effect under out-of-plane load, as confirmed by relatively small out-of-
plane displacements in Table 8. However, the distribution of major strains and the damage 
pattern clarify that most of the cracks are caused by prior in-plane loading.

Fig. 6  Damage to the bricks from 
back side of the wall at 0.8% drift 
(a) and at 1.1% drift (b)
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Table 8  Test T8: Load protocol, load–displacement curves and experimental results

Load protocol

IP – Cyclic load-displacement curve OOP – Load-displacement curve
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In the second in-plane loading phase further diagonal cracking with spalling of the outer 
shells of bricks is observed in both piers. At a drift of 1.2% toe crushing occurs at the left 
pier. In the next loading cycles the cracking and detachment progress up to the collapse of 
the right pier at a drift of 1.6%.

4.3  Simultaneous loading tests

4.3.1  Test T3

In test T3 the fully infilled frame is subjected to combined in-plane and out-of-plane load-
ing. The load protocol, the corresponding cyclic load–displacement curves and selected 
experimental results are presented in Table  9. At first, an out-of-plane load of 21  kN is 
applied to the wall and kept constant during the test while cyclic in-plane displacements 
are applied up to a drift of 1.4%. The first slight change in the in-plane stiffness is observed 
at the horizontal force of 85 kN (0.055%) in positive loading direction due to crack propa-
gation in the bed joints, while the first drop in negative loading direction at the horizontal 
load of 80 kN (0.055%) is caused by stepwise cracks in the middle part of the panel. A 
more significant reduction of the in-plane stiffness occurs at a drift of 0.1% due to increas-
ing stepwise cracking in both loading directions. Similar to test T2 the contribution of the 
masonry infill increases at higher drift levels due to the formation of diagonal compressive 
struts.

The maximum horizontal load of 285 kN is reached at a drift of 1.0% in positive loading 
direction and with 250 kN at a drift of 1.4% in negative direction. The small out-of-plane 
displacements indicate a negligible influence of the simultaneously applied out-of-plane 
load on the in-plane response of the infilled frame. An increase of out-of-plane displace-
ments is measured only due to local effects caused by spalling of outer shells bricks 
(Fig. 8). The test is terminated due to the significant damage to joints and bricks at a drift 
of 1.4%.

Fig. 7  Damage to the edge bottom bricks at 0.5% drift (a) and 1.0% drift (b)
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Table 9  Test T3: Load protocol, load–displacement curve and experimental results

Load protocol IP – Cyclic load-displacement curve
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Fig. 8  Detachment of outer brick shells at 1.0% drift (a) and out-of-plane displacements of the infill at 1.4% 
drift (b)
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4.3.2  Test T6

In test T6 a masonry infilled frame with centric window opening is subjected to combined 
in-plane and out-of-plane loading. The load protocol, the in-plane cyclic load–displace-
ment curve and selected experimental results are summarized in Table 10. At first, an out-
of-plane load of 21 kN is applied and kept constant during the test. Thereafter, a cyclic 
in-plane loading is applied up to a drift of 1.4%.

First light stepwise cracks occur in the masonry infill above and below the open-
ing at a drift of 0.055% in both loading directions. In the following cycles the stiffness 
decreases slowly without new visible cracks. At a drift of 0.2% stepwise cracks in the 
piers take part due to the formation of diagonal compression struts similar to test T5. At 
a drift of 0.6% and in the subsequent cycles stepwise cracks through head and bed joints 
take part followed by cracks in the bricks. At a drift of 0.8% the maximum capacity of 
197 kN is reached in negative loading direction. After reaching maximum capacity of 
215 kN at a drift of 1.0% in positive loading direction, parts of the piers next to window 
opening start to detach from the rest of the infill. In the following cycles the in-plane 
capacity decreases due to further detachment of the masonry parts next to opening. In 
addition, both piers suffer significant damage with failure of the outer brick shells and 
cracks through the bricks, as presented in Table 10.

Table 10  Test T6: Load protocol, load–displacement curve and experimental results

Load protocol IP – Cyclic load-displacement curve
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The minor influence of out-of-plane loading on the response of infilled frame in the 
test T6 is shown in Fig. 9a. The out-of-plane displacements measured on the four points 
around window opening are almost negligible, and the local increase of out-of-plane 
displacements at high level of in-plane drifts is mainly caused by the progressive in-
plane damage. The detachment of the top mortar connection at higher in-plane drifts 
(Fig. 9b) causes increase of out-of-plane displacements of the infill panel for the applied 
amount of out-of-plane loading too.

4.3.3  Test T9

In test T9 the masonry infilled RC frame with centric door opening is investigated under 
combined in-plane and out-of-plane loading. At first, the out-of-plane load of 21  kN is 
applied and kept during the test. After that, in-plane cyclic displacements are applied up to 
a drift of 1.0%.

The hysteresis curves presented in Table 11 show the linear response of the specimen up 
to a drift of 0.055% in both loading directions. Throughout the following stages of in-plane 
loading most of the cracking is observed in the top mortar connection. At a drift of 0.2% 
first stepwise cracks take part in the lower parts of infill piers.

This damage pattern becomes more pronounced with further application of in-plane 
loading. While reaching a drift of 0.5% two main diagonal cracks develop in the lower parts 
of both piers. In addition, cracking of the infill connections to the top and bottom beam and 
the columns occurs. Due to the damaged connection joints, the out-of-plane displacements 
increase. The deflection along the vertical lines in both infill piers in Fig. 10 shows a rigid 
body movement of the infill panel in out-of-plane direction at 0.5% of in-plane drift. How-
ever, despite the continuously increasing out-of-plane deflection, the infilled frame is able 
to withstand the further cycles of imposed in-plane drifts and achieves maximum capacity 
of 139 kN and 136 kN in both loading directions at a drift of 0.8%. Significant damage 
to masonry infill caused by in-plane loading is visible at this drift level, while the out-of-
plane displacements increase substantially due to the damaged connection joints. The test 
is terminated at a drift of 1.0% because of the strong detachment in the right wall pier and 
uncontrollable out-of-plane displacements of both piers (Fig. 10).

Fig. 9  Out-of-plane displacements measured in four points around window opening (a) and detachment of 
the top mortar connection (b)
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5  Comparison of the test results

5.1  In‑plane behaviour

The evaluation of the in-plane behaviour taking into account the effects of wall open-
ings is carried out by a comparison of the results for sequential and simultaneous load 
application. Figures 11 and 12 show the comparison of the hysteretic curves and their 

Table 11  Test T9: Load protocol, load–displacement curve and experimental results

Load protocol IP – Cyclic load-displacement curve
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Fig. 10  Deflection along vertical lines in the left pier (a) and the right pier (b) at drifts of 0.5 and 1.0%
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envelopes obtained from in-plane loading phases of sequential and simultaneous tests. 
Figure  13 compares the envelopes for in-plane loading of all tests with the envelope 
of the bare frame test A obtained in the INSYSME (2016) project. The resulting load-
capacity curves show significant reductions of the in-plane capacities of 23% for infills 
with window openings and of 48.5% for infills with door openings compared to fully 
infilled RC frames, as shown in Fig.  14. Additionally, Fig.  14 shows the increase of 
the in-plane capacities between 12 and 120% of the tested configurations in comparison 
to the bare frame. The maximum in-plane capacities of the infilled frames are already 
reached at low drift levels between 0.8 and 1.0%, whereas the maximum capacity of the 
bare frame is reached significantly later at a drift of 2%. This is caused by the higher 
initial stiffnesses, which lead to a much faster activation of the infilled frames and thus 
reduction in displacement capacity. Figure  15a illustrates the large differences in the 
initial stiffnesses compared to the bare frame, which are about ten times greater for the 
fully infilled frame and six to four times for the configurations with window and door 

Fig. 11  Hysteresis curves and envelopes from the in-plane load phases in the sequential tests

Fig. 12  Hysteresis curves and envelopes from the in-plane load phases in the simultaneous tests
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openings, respectively. In this case, this could lead to the high inaccuracy in the estima-
tion of the dynamic characteristics of the infilled frames if infill with opening would 
be neglected. Results of the parametric study carried out by Asteris (2003) suggest a 
smaller reduction factors for opening percentages that correspond to window and door 
opening percentages in this study. However, according to Asteris (2003) initial stiffness 
of infilled frame with centric opening of around 19% is four times greater than initial 
stiffness of bare frame. For infilled frame with centric opening of around 38%, initial 
stiffness is still two times greater than the bare frame initial stiffness, which confirms 
the contribution of infills with even large openings to infilled frame initial stiffness.

Figure 15b shows reduction factor due to centric openings obtained from in-plane tests, 
if only the contribution of masonry infill is considered. In comparison to the reduction fac-
tor derived from a trend line obtained from a parametric study carried out in Asteris et al. 
(2012), it can be concluded that openings considered in this study lead to a smaller reduc-
tion of initial stiffness of full masonry infill and their negligence would result in a false 
estimation of infilled frame stiffness.

Fig. 13  Comparison of envelopes from in-plane load phases in the sequential and simultaneous tests

Fig. 14  Influence of openings on the in-plane load capacity of the infilled RC frames
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Reaching the maximum in-plane capacities at low drift levels in the present study leads 
to a non-ductile behaviour that is difficult to control under seismic actions. This results in 
deformation capacities reduced by a factor of about 2.5 compared to the bare frame.

The comparison among the envelopes of the sequential and simultaneous in-plane tests 
presented in Fig. 13 shows only small differences between the in-plane response of speci-
mens subjected to pure in-plane and combined in- and out-of-plane loading. The exception 
is test T9 in which the loss of frame-infill connection at the top and the bottom leads to 
a rigid body movement of parts of the infill piers and total failure of the specimen at 1% 
drift. The relatively low influence of the out-of-plane load is caused by the low slenderness 
ratio of the infill panel in combination with the strong frame-infill connections.

5.2  Out‑of‑plane behaviour

Table 12 comprises the comparison of out-of-plane load–displacement curves for pure out-
of-plane and sequential in-plane and out-of-plane loading. The comparison for pure out-of-
plane loading shows maximum out-of-plane loads of 175.6 kN for the fully infilled frame 

Fig. 15  Influence of openings on the in-plane initial stiffness of the infilled RC frames (a) and masonry 
infills (b)
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(T1), 230.2 kN and 145.2 kN for the infilled frames with window (T4) and door opening 
(T7). Thus, all three configurations exhibit high out-of-plane load capacities.

A significant reduction in stiffness and capacity occurs, if the infilled frames have previ-
ously been subjected to cyclic in-plane loading, whether or not they have openings. The 
out-of-plane capacities are reduced about 2 times for the fully infilled frame (T2) and 3.7 
times for the infilled frames with window (T5) and door opening (T8). This shows that the 
presence of openings obviously leads to a more significant reduction of the out-of-plane 
capacity for infills previously subjected to cyclic in-plane loading.

Figure 16 shows the interaction effects of sequential and simultaneous in- and out-
of-plane loading by means of experimental data points and six trend lines for each 
investigated configuration. The results show that the simultaneous application of cyclic 
in-plane displacements and a total out-of-plane force of 21 kN results in a further reduc-
tion of the out-of-plane capacity in comparison to sequential in-plane and out-of-plane 

Table 12  Comparison of load–displacement curves for out-of-plane tests

OOP loading (T1, T4, T7) OOP and sequen�al IP -OOP loading (T1, T2)

OOP loading and sequen�al IP -OOP loading (T4, T5) OOP loading and sequen�al IP -OOP loading (T7, T8)

Fig. 16  Influence of in-plane loading on the out-of-plane load capacity of masonry infills



3566 Bulletin of Earthquake Engineering (2023) 21:3537–3579

1 3

loading. It can be seen that at 1.0% of in-plane drift, out-of-plane load capacity 
decreased to 38% for the fully infilled frame and 35% for infill with window opening. 
Especially, the infilled RC frame with door opening (T9) fails earlier under combined 
loading at a lower drift of 1.0%, resulting in out-of-plane load capacity of just 15% in 
comparison to pure out-of-plane test.

Table 13  Forces, drifts and crack patterns of all sequential and simultaneous tests

Test
First visible cracks Maximum load Maximum displacement

FIP [kN] Drift [%] FIP [kN] Drift [%] FIP [kN] Drift [%]

T2 

110 0.035 280 0.8 200 1.2

T3 

85 0.055 285 1.0 220 1.4

T5 

50 0.044 200 0.8 134 1.6

T6 

86 0.055 215 1.0 133 1.4

T8 

95 0.2 132.4 1.0 146.5 1.6

T9 

90 0.2 139 0.8 110 1.0



3567Bulletin of Earthquake Engineering (2023) 21:3537–3579 

1 3

6  Interpretation and discussion of the results

Table 13 comprises the results for all sequential and simultaneous tests. For each test, 
the crack pattern of the first visible crack, the maximum horizontal force and drift are 
provided.

6.1  Fully infilled RC frames (T2, T3)

The results in Table 13 show that first visible stepwise cracking in the infill already occurs 
at rather low drifts of about 0.05%. With increasing in-plane drifts, multiple diagonal 
compression struts separated by expanded head and bed joints are generated. Figure 17a 
shows the propagation of the diagonal compression struts, that are uniformly distributed 
within the infill due to the full contact between the infill and the surrounding frame. Along 
the compression struts the rotation of the bricks and the gapping between the bricks is 
clearly visible. The contact length between rotated bricks corresponds approximately to 
the overlapping length of 0.4  h. The specific load-resisting mechanism with brick rota-
tions is activated due to the combination of strong bricks, non-mortared head joints and 
a strong interaction between the infill and the top beam (caused by high quality mortar 
application between frame and infill). Figure 18 shows  an example of the vertical deflec-
tion of the top beam at different levels of in-plane drifts in test T3 with maximum displace-
ments of 15  mm in the middle of the beam, that exceed the maximum beam deflection 
(L/250 = 12 mm) according to EN 1992–1-1 (2004), that confirms pronounced frame-infill 
interaction in fully infilled frames. The deflection allows an extension of the compression 
strut and delays the occurrence of diagonal tension failures in the bricks along the strut. 
At lower drift values, stepwise cracking with bond failure in the bed joints and opening of 
the non-mortared head joints takes part. At higher in-plane drifts, the rotation of the bricks 
with extension of head and bed joints is more pronounced, whereas the bricks experience 
only minor cracks up to the drift of 1.0% when crushing of thin brick webs and falling of 
outer shells starts. The level of damage at around 1.0% of in-plane drift, with significant 
damage to the mortar joints and development of cracks in the bricks corresponds to the 
significant damage limit state conditions defined by Morandi et al. (2018b). According to 

Fig. 17  Distribution of compression struts in the masonry infill at the maximum horizontal force in tests T2 
and T3 (a) and detachment of the masonry infill from the RC frame with generation of compression struts 
between the corners in contact to the frame (b) 
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Morandi et  al. (2018b), human lives are not threatened at this point, due to the limited 
weight of masonry portions falling down. However, demolishing and reconstruction of the 
entire infills is a more convenient solution because repairment could be too expensive. At 
the maximum attained in-plane drifts, the damage level is much higher and it should be 
classified as a near collapse limit state (NCLS), in which the cracking in mortar joints is 
extensive and crushing and spalling of bricks are widespread, but the collapse still does not 
occur, as described by Morandi et al. (2022). Table 13 shows a concentration of the dam-
age in the middle row of the infill in test T2 and next to columns in test T3 in final in-plane 
load stages, that might be attributed to the effect of simultaneously applied in- and out-of-
plane loads in test T3. The observed stepwise cracking at lower drifts in the tests T2 and 
T3 was also confirmed by Crisafulli (1997) for infills with low to medium aspect ratios in 
which the shear stresses are decisive.

However, in contrast to the obtained results numerous experimental campaigns and 
computational studies (Liauw and Kwan 1985; Crisafulli 1997; Al-Chaar 2002; Stylian-
idis 2012, Asteris et  al. 2013; Butenweg et  al. 2019) described the in-plane response of 
masonry infills at higher drifts by a separation of the masonry infill from the surround-
ing frame in the unloaded corners and an activation of concentrated compression struts 
between the infill corners in contact to the frame (Fig. 17b). This illustrates the complex 
behaviour of RC frames with masonry infill, which is, among other aspects, particularly 
dependent on both the geometry and the stiffness ratio between the RC frame and the 
panel, as well as on the ratio of brick and joint strengths.

6.2  RC infilled frames with window openings (T5, T6)

The results in Table 13 show that first stepwise cracks below and above window occur at a 
drift of about 0.05%. With increasing in-plane drifts, diagonal compression struts separated 
by expanded head and bed joints are generated in both infill piers and the bricks rotate 
along the struts and the compressive forces are transferred over the overlapping length of 
0.4 h (Fig.  19a). Similar to the fully infilled frames, the struts are uniformly distributed 
in each pier due to the strong bricks, non-mortared head joints and a strong interaction 
between the infill and the top beam. The interaction causes vertical deflections of the top 
beam, which are shown in Fig. 19b for the test T5 for a load application from the left to 

Fig. 18  Deflection of top beam in test T3
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the right. At higher in-plane drifts the cracks widen and stepped cracks propagate through 
the joints in both infill piers. The in-plane response is strongly influenced by the coupling 
effect provided by the lintel beam above window opening, which connects the two infill 
piers separated by the window opening and allows them to deform together. This beneficial 
coupling effect was also reported by da Porto et al. (2020), who recognized that the pres-
ence of the lintel beam above opening reduces the relative rotation of the two masonry 
piers under cyclic in-plane loading. As it is described in Sects. 4.2.2 and 4.3.2 and sum-
marized in Table 13, masonry infills with window openings suffer more damage at smaller 
in-plane drifts in comparison to the fully infilled frames. Due to the interrupted compres-
sion struts along the wall diagonals, detachment of infill parts next to the window opening 
already occurs at about 0.8% of drift. In addition to this, progressive crushing of the thin 
webs of the bricks and falling off of outer shells of bricks is observed at this load stage. 
The damage at this drift level (Δ ~ 0.8%) goes in line with the description of the significant 
damage limit state conditions, proposed by Morandi et al. (2018b). As shown in Table 13, 
the complete detachment of infill parts next to the window opening combined with a sub-
stantial damage to the bricks leads to the failure in both tests, at the maximum attained 
in-plane drifts.

Fig. 19  Distribution of diagonal compression struts in the masonry infill with window opening at the maxi-
mum horizontal force in tests T5 and T6 (a) and deflection of the top beam in test T5 (b)

Fig. 20  Distribution of diagonal compression struts in the masonry infill with door opening at the maxi-
mum horizontal force in tests T8 and T9 (a) and deflection of the top beam in test T8 (b)
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6.3  RC infilled frames with door openings (T8, T9)

The results in Table 13 show that first stepwise cracks in the lower parts of the two piers 
occur at a drift level of about 0.2%. The formation of these cracks reduces the stiffness 
and increases the energy dissipation represented by wider hysteretic loops (Figs. 11, 12). 
The specific load-resisting mechanism for masonry infills with door openings loaded 
from the left to the right is shown in Fig. 20a. Due to the door opening the compression 
struts are steeper and the formation takes place on the left side in the lower wall area 
and on the right side in the upper wall area. The damage on the left side is characterized 
by a diagonal shear crack through joints and bricks, whereas on the right side stepwise 
cracks are generated along the compression struts. As already described for the infills 
without openings (T2, T3) and with window openings (T5, T6) a vertical deflection of 
the top beam takes place. The deflection of the top beam is shown for the maximum 
horizontal force in Fig. 20b. At in-plane drifts larger than 0.8% damage propagates fur-
ther in both infill piers and the top beam experiences smaller deflection as a complete 
formation of the compression struts is no longer possible. This drift level (Δ ~ 0.8%) can 
be also set as a limit value for the significant damage limit state introduced by Morandi 
et  al. (2018b). Table 13 shows the crack and damage pattern at the ultimate drifts for 
both tests, characterized by the detachment of almost triangular parts of the piers sepa-
rated through diagonal cracks. Although the same failure developed in both infills with 
door opening, specimen T9 collapsed earlier due to the influence of simultaneously 
applied out-of-plane loading.

Table 14  Forces, displacements and crack patterns of all out-of-plane tests

Test
First visible cracks Maximum load Maximum displacement

FOOP [kN] Disp. [mm] FOOP [kN] Disp. [mm] FOOP [kN] Disp. [mm]

T1 

70 1.00 175.6 8.9 175.6 8.9

T4 

110 1.7 230.2 11.1 228 11.4

T7 

60 0.9 145.3 9.1 145.3 9.1
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6.4  RC infilled frames under pure out‑of‑plane loading (T1, T4, T7)

Table 14 comprises the results for all pure out-of-plane tests. For each test, the crack 
pattern of the first visible crack, the maximum out-of-plane force and displacement are 
provided.

The first cracks occur at rather high levels of total out-of-plane force in all out-of-
plane tests, due to the formation of a strong vertical arching effect as the dominant load-
resisting mechanism. The out-of-plane displacement fields in Table 15 show additional 
horizontal arching effects in test T1 and T4, whereby the arching effect in T4 is limited 
to the continuous wall sections above and below the window opening. The specimens 
in test T1 and T4 collapsed in an explosion-like manner due to the stability failure of 
the compressed webs in the brick. This is in line with observations by Crisafulli (1997), 
that a sudden and occasionally “explosive” compressive failure can be expected to occur 
in infills made of hollow masonry units made of brittle materials with high strength to 
compensate the large void ratio. In test T7 the failure is caused by cracking and crushing 
of bricks close to the supporting beams at top and bottom.

As shown in Table 12 and Table 14, the masonry infill with window opening has a simi-
lar initial stiffness and provides the highest out-of-plane capacity of all tests. This result 
seems surprising at a first glance, but corresponds to the findings of Di Domenico et al. 
(2021), who concluded that the intuitive reduction of out-of-plane capacity may not always 

Table 15  Out-of-plane displacements in pure out-of-plane tests

Out-of-plane displacements at the maximum out -of-plane force 

Test T1  
Fmax = 175.6 kN 

Test T4 
Fmax = 230.2 kN 

Test T7 
Fmax = 145.3 kN 

   

Fig. 21  Centric window opening with lintel (Akhoundi et al. 2018) (a) and without lintel (Sepasdar 2017) 
(b)
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take place in case of masonry infills with window openings. The authors explained this 
with the model of Dawe and Seah (1989a) which is based on the principle of the virtual 
work. According to Di Domenico et al. (2021), the presence of centric window opening 
causes reduction of both internal and external work, but external work is expected to reduce 
more. Due to this, a larger pressure is needed to generate the equal amount of external 
work which results in higher out-of-plane capacity of masonry infill with window opening. 
The similar was concluded by Griffith and Vaculik (2007). Furthermore, Anić et al. (2020) 
attributed the similar out-of-plane capacities of solid masonry infills and masonry infills 
with window openings to the presence of lintel beams. In their studies, Anić et al. (2018) 
observed that the lintel can accumulate higher compressive stresses and thus increase the 
out-of-plane capacity. In addition to this, the crack pattern for specimen T4 (Table 14) is 
also in agreement with experimental results provided by Akhoundi et al. (2018) (Fig. 21a). 
Sepasdar (2017) investigated infill panels with openings arranged without lintel beams and 
reported about a reduced out-of-plane capacity and a different crack distribution as shown 
in Fig. 21b. This illustrates the detrimental behaviour when the lintel beam is not installed. 
Moreover, Furtado et al. (2021) observed an increase of the initial stiffness of infills with 
openings due to RC lintels in their experimental campaign.

6.5  Aspects of in‑plane and out‑of‑plane load interaction

6.5.1  Fully infilled RC frames

The out-of-plane capacity for fully infilled RC frames decreased two times due to prior 
in-plane damage in test T2 and for simultaneous loading in test T3. Both results are in 
good agreement with tests on masonry infills under sequential loadings carried out by da 
Porto et al. (2013, 2020) and Morandi et al. (2017), who identified the formation of a sta-
ble two-way arching effect. In contrast, a two-way arching mechanism was not obtained in 
tests with sequential and simultaneous loading condition by Butenweg et al. (2019), due 
to a weak mortar joint at top and bottom caused by vertically perforated clay bricks with 
a high percentage of wide voids. The mortar joint was almost completely destroyed due 
to in plane-loading and a tilting of the entire infill panel took place. The influence of the 

Fig. 22  Contact stresses for simultaneous in-plane and out-of-plane loading with full contact in test T3 (a) 
and with partial contact with damaged mortar joint (Butenweg et al. 2019) (b)
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mortar joint is further illustrated by the distribution of the contact stresses in Fig. 22. In test 
T3, the strong connection of infill to the frame prevents the gapping and provides the full 
contact (Fig. 22a). On the other side, the gapping in unloaded corners and damaged mortar 
joint cause significant reduction of contact between infill and frame in simultaneous load-
ing test of Butenweg et al. (2019) (Fig. 22b).

6.5.2  Infilled RC frames with openings

The high out-of-plane capacities of infills with openings decreased by a factor of 3.7 due 
to the crack pattern caused by prior in-plane loading in tests T5 and T8. The damage pat-
tern shows the emergence of unstable triangular-like areas with increasing out-of-plane 
displacements adjacent to the openings. However, these areas did not completely fall out 
of wall plane most likely due to interlocking effects in the cracks that still allow the for-
mation of a vertical arching effect under static loading conditions, as also reported by da 
Porto et  al. (2020). Based on the observations in recent earthquakes it can be expected 
that the unstable areas will fall out due to inertia forces during a seismic excitation. The 
simultaneous test T6 on the infill with window opening led to a similar behaviour with 
locally increased out-of-plane displacements in the cracked areas around the opening. The 
test T9 illustrated the adverse effect of in- and out-of-plane load interaction due to a total 
collapse caused by a rigid body movement of one infill pier. Based on the results it is most 
likely to expect larger seismic vulnerability of masonry infills with openings subjected to 
combined in-plane and out-of-plane loading. Even if the mortar joint connections between 
infill and frame are strong enough to prevent a total collapse mechanism, in-plane cracking 
induces unstable panel parts next to openings. Similar observations with respect to in-plane 
cracking patterns in infills with openings have been made by Stavridis (2009), Tasnimi 
and Mohebkhah (2011) and Mansouri et al. (2014), among others. Their results show that 
the cracked and unstable infill areas next to openings tend to gradually fall out-of-plane 
even if they are loaded only in-plane. The detrimental crack patterns observed in this study 
(Fig. 23) are in good agreement with crack patterns observed in real earthquakes (Braga 
et al. 2011; Vicente et al. 2012; Nam et al. 2019).

Fig. 23  Crack patterns induced by in-plane loading in infills with window (a) and door (b) openings 
obtained in this study
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7  Conclusions

This article presents the results of an experimental study on nine RC frames infilled with 
high thermal insulating clay bricks with a thickness of 300 mm. The investigation com-
prises solid masonry infills, masonry infills with window and door openings under sep-
arate, sequential and combined in-plane and out-of-plane cyclic loading conditions. The 
test campaign allows the comparison of the performance of different infill typologies and 
loading conditions. Special attention was paid on the execution of the top joint, which was 
carefully filled with thin layer mortar. This leads to perfect and strong boundary conditions, 
which definitely cannot be assumed on all construction sites.

The results of the pure out-of-plane tests show that both solid infills and infills contain-
ing window and door openings exhibit a high level of out-of-plane capacities due to the 
strong arching effect based on the low slenderness ratio and the stable connection between 
the infill panel to the top and bottom beam. A significant reduction in stiffness and capacity 
occurs if the infilled frames have previously been subjected to cyclic in-plane loading. In 
this case the out-of-plane capacities were reduced about 2 times for the fully infilled frame 
and 3.7 times for the infilled frames with openings. A further reduction takes place, if the 
in-plane load is simultaneously applied.

The results of the in-plane tests show for all configurations a strong interaction with 
formation of uniformly distributed multiple compression struts and rotation of the bricks 
along the struts. In case of infills with openings the formation of steeper struts takes only 
place in the piers left and right to the openings. This specific load-resisting mechanism 
is activated through the combination of strong bricks, non-mortared head joints and the 
deflection of the top beam. The resulting load-capacity curves show significant reduc-
tions of the in-plane capacities for infills with window openings, which are even more pro-
nounced for infills with door openings compared to fully infilled RC frames caused by the 
interrupted diagonal compression struts. The tests with simultaneously applied loading on 
solid infills and infills with window opening show a low sensitivity of the in-plane behav-
iour due to out-of-plane loading. However, in case of the infill with door opening a rigid 
body movement occurs due to the loss of frame-infill connection at the top and the bottom.

Furthermore, the test results clarify that masonry infills with or without centrally posi-
tioned openings increase the lateral strength and even more the lateral initial stiffness com-
pared to a bare frame. This indicates that such typologies can change the dynamic proper-
ties of the infilled RC structures and cause torsional effects that can lead to failure of the 
overall structure.

The main result of the experimental investigations carried out was that cracking occurs 
in the brittle masonry infills even at very small drift values. Furthermore, the maximum 
loads are already reached at drift values between 0.8 and 1.0%, at which the damage level 
is severe and infills are not repairable, so this corresponds to the significant damage state. 
Subsequently, cracking increases rapidly and uncontrollable local failures of highly loaded 
wall areas occur, especially in the case of masonry infills with openings. It should be noted 
that this result was only achieved with a perfect and careful execution of the circumferential 
connection joint between infill and frame, which does never exist in practice. The problem 
of filling the joints is even more pronounced if highly thermally insulating bricks with the 
percentages of void ratios greater than 50% are used, especially for bricks with wide void 
geometry (Butenweg et  al. 2019). Therefore, innovative systems should be developed to 
achieve the required seismic safety. Promising approaches are based on the idea to decou-
ple infill and frame (Marinković 2018c; Marinković and Butenweg 2019) or to integrate 
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sliding surfaces (Morandi et al. 2018a), but they require further research and development 
to safely cover all configurations from fully infilled to partially infilled RC frames.
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