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This study presents an innovative decoupling solution designed to improve the seismic performance of infilled
reinforced concrete (RC) frame structures. Previous experimental research by the authors confirmed the effec-
tiveness of the decoupling system through a series of full-scale separate and combined in-plane and out-of-plane
tests. In the present work, a simplified micro-model developed and realised in Abaqus is validated against three
experimental tests and then employed in a comprehensive parametric study investigating the in-plane behaviour
of RC frames with decoupled masonry infills featuring various opening types (windows, doors and partial infills)
of different sizes and locations. The results demonstrate that the decoupling system successfully reduces adverse
frame-infill interaction effects across all configurations. The first cracks in the decoupled masonry infills are
typically observed at in-plane drifts exceeding the maximum design in-plane drift of 2.0 %. Meanwhile, the in-
plane response of the frames remains largely unaffected. Finally, based on the comprehensive findings of the
study, and in accordance with the second generation of Eurocode 8, practical guidelines are proposed for the

design of the novel decoupling system to ensure efficient decoupling of masonry infills from the RC frames.

1. Introduction

Reinforced concrete (RC) frames with traditionally constructed ma-
sonry infills are widely used in buildings around the world, especially in
earthquake-prone areas. Specific to this type of structure is the frame-
infill interaction that occurs under seismic loading. Although this
interaction is neglected in most seismic codes, it plays a critical role in
the seismic response of infilled frame structures, since it has been
identified as a primary cause of extensive non-structural and structural
damage, as well as building collapse, during recent earthquakes [1-4].
To better understand the complex frame-infill interaction, the in-plane
behaviour of infilled frames has been investigated in numerous experi-
mental studies (e.g. [5-9]). Comprehensive overviews of the experi-
mental research are provided in recent state-of-the-art reviews [10,11]
too. Furthermore, with advancements in computational methods, the
seismic response of infilled frame structures has also been extensively
investigated through numerical simulations. Various modelling ap-
proaches have been developed, which basically differ in the level of
detail used to represent an infilled frame. According to [12], approaches

* Corresponding author.

based on the finite element method can be categorised by complexity
into detailed and simplified micro-modelling, smeared homogenous (or
“meso”) modelling, and macro-modelling. The studies carried out using
micro- [13-15] and “meso” [16-18] modelling techniques were mainly
able to satisfactorily depict the experimental response of the infilled RC
frames, in correspondence with the limitations of the respective
modelling approach. Similarly, some investigations using the discrete
element method [19,20] achieved a quite good agreement with exper-
imental results. However, there is a significant gap in the research on the
investigation of internal forces in RC frames, which is crucial for eval-
uating the effects of masonry infills on the surrounding frames. To date,
this topic has been addressed only in a limited number of studies: [17,
18] using “meso”-modelling, and [21,22] through micro-modelling
technique. These investigations indicate that traditional masonry
infills significantly alter the distribution of bending moments and shear
forces in RC columns compared to those observed in the corresponding
bare frame used in the design. In the macro-modelling approach, ma-
sonry infill is usually replaced by one concentric diagonal strut, e.g. [23,
24]. A major disadvantage in this case is that the distribution of bending
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moments and shear forces on the surrounding RC frame is not correctly
determined, and thus, local effects cannot be evaluated. Therefore, in
order to more appropriately evaluate the effect of the masonry infill on
the surrounding RC frame, some authors propose macro-models with
one eccentric diagonal strut [25,26] or several diagonal struts [27,28].
More recently, [29,30] proposed approaches that model the masonry
infill as a concentric diagonal strut, and additionally take into account
the effect of shear forces acting on the frame.

Despite extensive scientific efforts, the frame-infill interaction re-
mains an intricate issue, and a simple and unified engineering approach
to account for masonry infills in the seismic design is still missing. Even
if directions for calculating the masonry infill in-plane stiffness or force
capacity are provided - for example, in MSJC [31] and FEMA 306 [32],
they are usually based on the simple diagonal strut models, which are
prone to errors due to the large variability in material and geometric
properties of infilled RC frames [33,34]. It can be concluded that there is
an urgent need to improve the poor seismic performance of infilled RC
frames by eliminating adverse frame-infill interaction effects, and to
develop a reliable design approach for these structures.

A promising way to overcome the drawbacks of infilled RC frames is
to decouple the masonry infill from the frame using a gap filled with a
soft material [35,36]. While this approach has proven effective under
in-plane loading, out-of-plane stability remains a concern. Some na-
tional codes [31,37,38] recommend using connectors to ensure
out-of-plane safety, but experiments have shown significant deficiencies
- such as connector failures during in-plane tests and stress-induced
brick damage under combined loading [39,40]. Although newer
decoupled masonry infill concepts show improved performance under
combined loading, their installation is overly complex [41,42]. Overall,
current decoupling methods suffer from three main issues: unreliable
out-of-plane safety, poor seismic performance under combined loading,
and complicated installation.

To address these limitations, the INODIS (Innovative Decoupled Infill
System) was developed, demonstrating high seismic safety under com-
bined in-plane and out-of-plane loading while maintaining installation
simplicity [43]. Subsequent improvements optimised the layout of the
system and incorporated recyclable rubber-based profiles bonded with
mortar, enhancing sustainability and installation efficiency. Full-scale
tests confirmed the improved seismic performance of the INODIS sys-
tem [44].

However, a practical design framework for the INODIS system is still
lacking. According to the second generation of Eurocode 8 (FprEN
1998-1-2:2025 [45]), such systems may be classified as non-interacting
if their contribution to the in-plane stiffness and strength of structure is
negligible. Therefore, the INODIS system must be designed to ensure
minimal frame-infill interaction, approximating the behaviour of a bare
RC frame as complete decoupling through an air gap is not feasible due
to sound insulation requirements and out-of-plane stability concerns.

To address this issue, the in-plane behaviour of RC frames with
INODIS decoupled masonry infills [44] is investigated through numer-
ical simulations using a simplified micro-modelling approach [15]. The
model is validated against three in-plane tests, followed by a compre-
hensive parametric study assessing the effectiveness of the system across
various infill configurations and its compliance with the non-interacting
criteria of FprEN 1998-1-2:2025 [45]. Particular attention is given to
the influence of openings of different types, sizes, and locations, which
are known to critically affect the in-plane response and seismic vulner-
ability of traditionally infilled frames [46,47] but remain unexplored for
decoupled systems. The analyses compare force-drift responses, ma-
sonry infill activation, and damage patterns between infilled and bare
frames, with particular focus on internal force distribution to assess the
influence of masonry infills, an aspect rarely examined for traditional
systems and unexplored for decoupled configurations. Finally, key
in-plane response parameters, including stiffness, base shear, and col-
umn shear forces, are systematically evaluated across all configurations.
Based on these findings, a design concept for RC frames with
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non-interacting masonry infills is proposed, consistent with FprEN
1998-1-2:2025 [45].

2. Decoupling system

The RC frames with decoupled masonry infills in this study refer to
masonry infills decoupled from the RC frame by the decoupling system
INODIS (Innovative Decoupled Infill System) presented in detail in [44].
Fig. 1 shows the concept of the system on a fully infilled RC frame, which
was also experimentally tested in [44]. The columns have cross-sectional
dimensions of 25 x 25 cm and the beam measures 45 cm in width and
25 cm in height. The concrete C30/37 and reinforcing steel B500B are
used for the frame construction. Masonry infill measures 2.67 m in
length, 2.5 m in height, and has a thickness of 30 cm. It is constructed
using vertically perforated clay Thermoplan SX10 bricks. Only the bed
joints are filled with thin-layer mortar Maxit mur 900D.

The decoupling system, installed between the masonry infill and RC
frame, comprises three elastomeric strips made of recycled rubber. The
middle strip is bonded to the RC frame, the outer strips to the bricks,
using thin-layer mortar. In-plane deformations are accommodated by
50 mm thick, softer strips placed between the columns and masonry
infill. Additionally, at the top of the masonry infill, thin plastic profiles
with sliding surfaces are attached to the top surfaces of the outer strips,
and bottom surface of the middle strip (Fig. 1). This minimises the
transfer of shear forces from the RC beam to the masonry infill and thus
enables unrestricted movement of the RC beam along the top of the
masonry infill. The strips at the top and bottom of the masonry infill are
thinner (15 mm thick) and they possess higher stiffness, which is
important for providing sufficient stability to the masonry infill against
out-of-plane loads, as explained in [44]. Through this strategic distri-
bution of elastomeric strips with different stiffnesses, the decoupling
system improves the seismic performance of infilled RC frames by
delaying the masonry infill activation under in-plane loads, and at the
same time providing stable boundary conditions against out-of-plane
seismic loads. Moreover, the construction of decoupled masonry infills
closely follows that of traditional masonry infills, with elastomeric strips
as the only new on-site material, which is an additional advantage of the
system. Detailed construction steps and material properties are provided
in [44].

3. Finite element model and simulations of experimental tests

In this study, the numerical model originally developed by [15] is
employed. This chapter summarises the main features of the model,
while a more detailed description can be found in [15]. The Finite
Element Package Abaqus [48] is used to generate the three-dimensional
finite element model and for the subsequent execution of numerical
simulations. As explained in [15], a simplified micro-modelling
approach is applied in the study. This means that all elements of the
infilled RC frame are modelled with proper finite elements, with the
exception of mortar joints, which are modelled using zero-thickness
contact definition. Therefore, the behaviour of mortar joints and their
contacts to the bricks and frame is depicted by defining the contact
definition.

3.1. Model geometry, mesh, boundary conditions and load application

Fig. 2 illustrates the numerical model of an experimentally tested RC
frame with a solid decoupled masonry infill. The detailed dimensions of
the experimental specimens are provided in [44], and the specimens are
modelled with their actual dimensions to enable a direct comparison
between experimental and numerical results.

To reduce computational time, the stiff RC bottom beam is replaced
by three rigid plates: two tied to the RC columns and one beneath the
masonry infill, allowing separate measurement of their reaction forces.
This setup enables direct evaluation of column base shear, masonry infill
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Fig. 1. RC frame with decoupled masonry infill.
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Fig. 2. RC frame with decoupled masonry infill with boundary conditions and
all applied loads.

base shear (Viyp), and total infilled frame base shear (Vi) as their sum.

Furthermore, to extract the internal forces in the post-processing of
the results, seventeen cross-sections are defined along each RC column
(Fig. 2). In the numerical model, each cross-section (surface) is defined
as an ,integrated output section“. Afterwards, corresponding ,inte-
grated variables* (shear forces and bending moments) are requested for
all ,integrated output sections* (cross-sections). In this way, the shear
forces and bending moments integrated over the selected surfaces
(cross-sections) are obtained and used to generate the diagrams on RC
columns.

As in [15], three-dimensional eight-node hexahedral continuum el-
ements with reduced integration (C3D8R) are selected to model con-
crete, masonry and elastomer units. The utilisation of these elements is
recommended for explicit dynamic analysis [49], which is employed in
this study. The reinforcement of the RC frame is modelled with
two-dimensional truss elements (T3D2). Following [15], a global mesh
size of 0.05 m is adopted for the frame and bricks, based on a sensitivity
study confirming its suitability. A denser mesh is adopted only for
elastomer strips due to their smaller dimensions. The mesh size is
selected to provide three finite elements across the thickness of the
elastomer.

As the experimental specimens are rigidly attached to a strong re-
action floor, all translational and rotational degrees of freedom of the
bottom rigid plates are restrained. The fixation of the lower beam is the
only boundary condition in the experimental campaign [44]. However,
in order to apply in-plane displacements to the frame in the numerical
model, steel plates are positioned at the outer edges of the upper beam.
The predetermined in-plane displacements are applied to the steel
plates. In this way, the in-plane loads are applied
displacement-controlled, as in the corresponding experimental tests
[44].

In addition to the initial loading step, in which the boundary con-
ditions are defined, a total of three individual loading steps are required
to simulate the load application in the experimental tests: 1) Gravity
time step, in which the dead load of the construction is applied, 2)
Vertical load step, in which the total vertical force of 200 kN per column
is applied, as in the experimental tests, and 3) in-plane loading step, in
which the infilled frame is monotonically loaded up to the desired in-
plane displacement (drift), from left to right.

In-plane loading is applied monotonically instead of cyclically to
avoid unnecessary model complexity, as it has limited impact on the
main objectives of the study, which are examining deformation mech-
anisms, force distribution, and decoupling efficiency. This assumption is
also justified because the decoupling prevents cyclic damage from
occurring in the masonry infill. Moreover, [50] reported that monotonic
loading yields only about 10 % higher strength than cyclic loading,
justifying its use here.

3.2. Definition of materials and interactions

The concrete damage plasticity (CDP) model available in [48] is used
to model the behaviour of concrete and masonry, which are both
considered quasi-brittle materials. The CDP model allows a separate
definition of the material response under compressive and tensile
stresses.

Since the same frame as in [15] is used, the concrete material pa-
rameters are taken from [15], where the concrete modelling approach is
thoroughly described and material parameters are calibrated using a
bare frame experimental test. Reinforcing steel is modelled as an
elasto-plastic material. Its elastic behaviour is characterised by the
modulus of elasticity and Poisson’s ratio, while the plastic behaviour is
defined by the yield stress (fy) and ultimate stress (f,). The input data
required for the material definition of steel reinforcement are shown in
Table 1.
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Table 1

Material properties for the reinforcement steel.
Unit D [mm]

10 12 14

Eqo [GPa] 200 195 200
v [-] 0.3 0.3 0.3
f, [MPa] 500 510.75 461.2
f, [MPa] 540 805.5 695.5
ey [%] 5 7.88 10.13

The CDP model is used as a constitutive model for masonry. The
behaviour of masonry is simulated as in the study of [15], according to
the recommendations of [21]. Namely, masonry units obtain the mate-
rial characteristics of the masonry assembly. The stress-strain curves are
generated following the equation of [21] too, but with a slightly
different softening branch in compression, as proposed by [15]. As for
concrete, the elastic behaviour of masonry is linear and isotropic. The
modulus of elasticity is determined experimentally [44], while Poisson’s
ratio is adopted as v = 0.19. The inelastic behaviour is defined sepa-
rately for compression and tension, which will be described in the
following. The plasticity parameters for masonry are adopted as in the
original model of [15].

As some parameters were not measured experimentally, additional
recommendations from the literature are adopted to form the material
curves. Due to this, the material curves for masonry are discussed in
more detail in this chapter. Fig. 3 shows the stress-strain curve of ma-
sonry in compression. The response in compression is linear between
points A and B. The stress at point B is determined according to the
proposal of [51], as o = 0.33 f;,, The inelastic part of the curve between
points B and D is defined by the equation proposed by [21]:

e &
=ful2=-5 1

Herein, f,, is the masonry compressive strength, experimentally
determined in [44], and ¢; is the corresponding strain, which is calcu-
lated following the equation proposed by [51]:

fn

07 @

81:Cj

0.27
= fq.zs
j

In Eq. (2) Ep, is the modulus of elasticity of masonry, and Cj is a factor
that depends on the compressive strength of mortar f;, determined in
[44], and it is calculated according to Eq. (3).

The final descending section of the curve, after point D, is defined
using the equation proposed by [15]:

G 3)

Stress o, [MPa]

I
w0

Ly g (=
-
(= ot Bl B e s b

04006 .002 0.004 0.006 0.008 0.010

Strain £, [%.]

Fig. 3. Stress-strain curve of masonry in compression.
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Where op is calculated as op = 0.9 f, as suggested by [51]. The coef-
ficient a controls the residual strength of masonry, and it is calibrated to
achieve a close agreement with the experimental result of test T2 on the
traditional masonry infill specimen, reported in [52].

The stress-strain curve for masonry in tension is defined according to
the following equation proposed by [21]:

o (e—€er)

0(€) = fue |7+ (1 —rp)e Sur 5)

Herein, f,;; is the masonry tensile strength, and ¢ is the corre-
sponding strain. The parameters r; and aj, defining the descending
branch of the curve, are calibrated using the experimental result of test
T2 [52]. Asrecommended by [21], tension is defined using displacement
(crack width) instead of strain. In order to calculate the displacement
(crack opening) from the strain, the following formulation proposed by
[53] is used:

£ =gt 6)
g

Where [ is the length of the used finite element.

The damage variables in compression and tension (d,, dy), which
account for the degradation of the elastic stiffness, are calculated ac-
cording to [54]:

do=1-e" %)
d=1-—e¢%" (8)

Where ¢™ denotes the inelastic strain, and a. and a; are parameters for
the uniaxial compression and tension, respectively, which are calibrated
to match the experimental response of test T2 [52].

Table 2 summarises the masonry material input data.

In experimental tests, the decoupling of masonry infills from RC
frames is achieved by installing three strips made of elastomeric mate-
rial, as described in Chapter 2. Because of its hyperelastic behaviour, the
elastomeric material in the numerical model is modelled using a suitable
hyperfoam material model already available in [48]. The material
definition in [48] allows using the experimental stress-strain curves for
both elastomeric mixtures (Elastomer 1 and Elastomer 2). Since the
elastomer strips are subjected to compressive and shear stresses when

Table 2

Masonry material input data.
Unit Value Source
E,, [GPa] 4.7 Experiment
fm [MPa] 3.1 Experiment
emel [%o] 0.22 [51]
e [] 1.2 [51]
op [MPa] 2.81 [51]
& [-] 1.6 [15]
o [-] 0.8 Calibrated
ac [-] 240 Calibrated
fme [MPa] 0.22 Calculated
€er [-] 0.0464 Calculated
e [-] 0.06 Calibrated
o [-] 200 Calibrated
ac [-] 280 Calibrated
leq [m] 0.05 [15]
vl 0.19 [15]
f; [MPa] 12.8 Experiment
f, [MPa] 11.0 Experiment
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Fig. 4. Experimental and numerical stress-strain curves of Elastomer

the masonry infills are loaded with in-plane and out-of-plane loads, the
experimental data from the corresponding compression and shear tests
is used. The only value that needs to be calibrated in the material model
is the strain energy potential order, which is set to 2, as in [15]. Fig. 4
shows a good match between experimental and numerical stress-strain
curves of both elastomer mixtures for both compression and shear.
The influence of cyclic loading on the elastomer can be neglected, as it
shows nearly identical monotonic and cyclic responses [44] and fully
recovers its shape after unloading, confirmed by tests in [44] and [55].

As the numerical model is composed of many individual elements,
such as RC frame members, brick units and elastomeric profiles, it is
necessary to properly define the interactions between these different
parts of the model. In order to achieve this, the same approach to
modelling of interactions is applied as in [15]. Namely, the general
contact available in [48] is used with different interaction properties. In
total, four individual contact properties are defined. The first one is the
general interaction property that includes the definition of normal and
tangential behaviour. The normal behaviour is defined as “hard” con-
tact, and tangential behaviour is determined by defining a friction co-
efficient. The value of the friction coefficient is set to 0.6, based on
recommendations of a previous study [15]. The general interaction
property is automatically assigned to all contacts and is subsequently
overwritten if other interaction properties are applied to a specific
contact. The second two interaction properties are related to modelling
mortar joints. For all mortar connections, it is necessary to define
cohesive behaviour and damage evolution in addition to the definition
of normal and tangential behaviour. The linear elastic part of the
cohesive behaviour is defined by normal (k) and shear stiffnesses (ks
and k), which are calculated according to [56]:

E,En

S A ©
knn
ks = ke = 31 40) (10)

In Egs. (9) and (10), E, and E,, are the modulus of elasticity of the
brick unit and masonry, respectively, and hy, is the brick height, and t; is
the joint thickness. The modulus of elasticity of brick is equal to
approximately 500f, as recommended in [51].

Asin [15], the damage initiation criterion is chosen to be a quadratic
traction, and it is a function of the maximum tensile (tg) and shear
stresses (t and ), while the energy-based exponential mixed-mode
evolution power law [57] is selected to determine the damage evolu-
tion. This power law is a function of the fracture energies in the normal
(Gn) and shear directions (Gs, G¢) and a cohesive property parameter 1.
Further details on the modelling of the interactions with more detailed
theoretical background can be found in [15]. Table 3 summarises pa-
rameters required to define the mortar joints behaviour. The values of
maximum shear stresses (£ and t7) are determined experimentally [58].
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Table 3
Interaction properties.
Unit Value Source
knn [GPa/m] 269.5 [56]
ks [GPa/m] 11.3 [56]
ky [GPa/m] 11.3 [56]
t9 [MPa] 0.2 [15]
t? [MPa] 0.2 Experiment
t? [MPa] 0.2 Experiment
G, [N/m] 20 [15]
Gs [N/m] 20 [15]
G, [N/m] 20 [15]
n [ 2 [15]
p -] 0.7 [15]

The remaining parameters, such as tg, Gn and G and u are assigned
values similar to those used in the previous study [15].The last inter-
action property is used to model the effect of the sliding surfaces, which
are placed between the top surfaces of the elastomer strips and concrete
/ masonry. As for other interactions, the normal behaviour is defined as
“hard”, while for the tangential behaviour, a low friction coefficient,
equal to 0.1, as provided by the producer [44] is employed.

3.3. Simulations of the in-plane tests on decoupled infilled RC frames

The numerical model is used to simulate the in-plane loading phases
of the sequential loading tests on RC frames with decoupled masonry
infills: without opening (test D2), with window (test D5) and with door
opening (test D8). In Table 4, numerical force-drift curves are compared
with the positive and negative branches of the experimental force-drift
envelopes. All specimens are simulated using the same set of input pa-
rameters discussed in Chapter 3.2, without case-specific adjustments to
reach a “perfect” fit for all cases. The comparison shows a reasonably
good match between experimental and numerical results in terms of
initial stiffness, maximum horizontal load, and stiffness degradation, for
all configurations. The deviation at higher in-plane drift levels for
specimen D5 results from faster damage accumulation in the numerical
model. However, this deviation is conservative and does not affect the
development of the design concept, as FprEN 1998-1-2:2025 [45] limits
the maximum in-plane drift in the SD limit state to 2.0 %. However,
when extending the model to other masonry types or mortar joints,
calibration and validation through experimental tests at different scales
are required.

4. Parametric study
The numerical model is used to investigate the in-plane response of

infilled RC frames with different opening arrangements in the decoupled
masonry infills. The cases of solid masonry infill, masonry infills with
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Table 4
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Comparison of experimental and numerical force-drift curves of decoupled infilled RC frames.
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windows, and full-height door openings, each with different dimensions
and locations within the masonry infill, are considered. In addition to
this, the case of a partially infilled frame is investigated. The influence of
vertical load is not investigated, as [15] showed it only slightly increases
initial stiffness but has negligible effect on overall in-plane behavior.
In the model name (simulation), the major characteristics of the
investigated masonry infills are summarised. The first letter indicates
the type of opening: W for a window, D for a door, and PI for a partial
masonry infill. The second part specifies the location of the opening: C
(centric), TL (top-left), TR (top-right), L (left side) and R (right side).
Numbers (20, 30, 40 or 50) denote the percentage of the opening rela-
tive to the panel. For example, W-C20-D refers to an RC frame with a
decoupled masonry infill with a centric window opening covering
approximately 20 % of the panel. Furthermore, all simulations of RC
frames with decoupled masonry infills are carried out for the
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z
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©
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]
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experimentally tested decoupling system with a 50 mm thick vertical,
and 15 mm thick horizontal elastomeric strips, whose stress-strain re-
lationships are presented in Fig. 4. In all simulations in Chapters 4.1-4.4,
sliding profiles are placed only at the top with a friction coefficient of
0.1, as in the experimental campaign [44]. In the additional simulations
(Chapter 4.5), the same friction coefficient is applied at both the top and
bottom.

4.1. Solid masonry infill

The decoupled infilled frame without openings, also experimentally
tested in test D2, is analysed first. Fig. 5a compares the force-drift
response of the decoupled infilled frame and that of the bare frame.
Due to the decoupling system, the initial in-plane stiffness of the
decoupled infilled frame is equal to that of the bare frame. In addition,

U, ui[m]
+5.538e-02
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+4.613e-02
+4.150e-02
+3.688e-02
+3.225e-02
+2.762e-02
+2.300e-02
+1.837e-02
+1.374e-02
+9.117e-03
+4.491e-03

-1.358e-04

1

(b)

Fig. 5. Force-drift curves of the bare frame, decoupled infilled frame and decoupled masonry infill (a) and horizontal displacements plot on decoupled fully infilled

frame at 2.0 % of in-plane drift (b).
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Fig. 5b presents horizontal displacements of both the frame and the
masonry infill at an in-plane drift of 2.0 % (corresponding to 55 mm of
frame in-plane displacement). The horizontal displacements plot in-
dicates that the frame deformation is absorbed by the compression of the
elastomeric strips at the sides (top-left and bottom-right corners), in
combination with sliding mechanisms at the top and bottom of the
masonry infill. Sliding is more pronounced at the top, where dedicated
sliding surfaces are present. However, it is activated at the bottom too,
despite the absence of such surfaces, which enables compression of the
elastomeric strips at the bottom-right corner too.

As a result of the decoupling effect, the base shear force of the ma-
sonry infill increases slowly and gradually, leading to only minor de-
viations between the force-drift responses of the decoupled infilled
frame and the bare frame, particularly up to 2.0 % of in-plane drift
(Fig. 5a). At around 2.0 % of in-plane drift, the initial stepwise cracking
in the masonry infill emerges, resulting from the bed joint cracking and
the opening of unmortared head joints. This cracking mechanism acti-
vates multiple diagonal compression struts within the masonry infill, as
observed in experimental test D2, and produces a more pronounced
increase in the base shear force of both the infilled frame and masonry
infill (Fig. 5a).

Furthermore, Table 5 indicates that the shear forces at the loaded
corners of the decoupled infilled frame (top-left and bottom-right) begin
to increase gradually for in-plane drifts larger than 0.5 %. The bending
moment distribution remains nearly unchanged relative to the reference
bare frame, with the first notable variation occurring at 2.0 % of in-
plane drift, where a null point in the bending moment diagram shifts
slightly upward. Overall, the results demonstrate that the masonry infill
has almost no influence on the RC frame response up to the maximum
design in-plane drift of 2.0 %. Because of the delayed masonry infill
activation, the decoupled masonry infill attains significant damage (SD)
limit state condition defined by [59] at 3.0 % of in-plane drift (Fig. 6).

Table 5
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Fig. 6. Specimen SOLID-D: Damage pattern at SD limit state at 3.0 % of in-
plane drift.

4.2. Masonry infills with window openings

The in-plane behaviour of RC frames with decoupled masonry infills
containing centric window openings is governed by a specific load-
resisting mechanism. For example, in configuration W-C20-D - also
experimentally tested as specimen D5 — numerical simulation shows that
up to 2.0 % of in-plane drift, the only damage to the masonry infills
consists of light cracking around the window corners. This localised and
controlled damage, also observed experimentally in [44], occurs at low
in-plane drift levels and enables the separate rotation of two infill piers.
This leads to the generation of two steep diagonal struts in each infill
pier, which are activated only at high in-plane drifts (A > 2.0 %), after
the full compression of the elastomers in the strut corners (Fig. 8a). The
development of this mechanism allows absorption of the frame defor-
mation and reaching high in-plane drifts with low level of masonry infill
activation and damage. For specimen W-C20-D, the significant damage
(SD) limit state is reached at 2.7 % of in-plane drift (Fig. 8b), and for
other decoupled masonry infills with the centric window opening at

Comparison of internal forces on the bare RC frame and RC frame with solid decoupled masonry infill.
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Fig. 7. Force-drift curves of decoupled infilled RC frames and decoupled masonry infills with window openings located at the infill centre (a), top-left (b) and top-
right corner (c).

Table 6
Distribution of shear forces on the RC frame with decoupled masonry infill with a 20 % centric window opening (W-C20-D).
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Fig. 8. Numerical simulation W-C20-D: Vertical displacements plot at 2.0 % of in-plane drift (a) and damage pattern at SD limit state at 2.7 % of in-plane drift (b).
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in-plane drifts between 2.5 % and 3.0 %. Furthermore, Fig. 7a shows
that the force-drift response of the decoupled infilled frames with centric
window openings closely resembles that of the bare frame, with rather
small base shear forces reached by masonry infills across all openings
sizes. Table 6 indicates a small and controlled increase of the shear
forces on the frame, at in-plane drifts larger than 0.5 %, slightly more at
the top of the left than at the bottom of the right column, due to the
generated diagonal strut actions in the infill piers. The distribution of
shear forces is shown only for the RC frame with the decoupled masonry
infill with a centric window opening of 20 %, as for higher opening
percentages the interaction effects are even less pronounced. The col-
umn bending moments remain nearly identical to those of the reference
bare RC frame and are therefore not presented herein.

The results show that decoupled masonry infills with centric window
openings develop an alternative mechanism to accommodate frame
deformation compared with solid decoupled masonry infill. However,
this mechanism also effectively delays the activation of the masonry
infill, allowing the surrounding RC frame to deform and behave like a
bare frame (Fig. 8b).

For window openings located at the top-left (loaded) corner, the
transfer of shear forces is minimised because contact between the ma-
sonry infill and the frame occurs only in the central area, where frame
deformations are smaller and the compression strut forms at a shallower
angle. In addition, force transfer is reduced by the sliding along the top
interface, compression of the soft elastomeric profiles adjacent to col-
umns and sliding effects at the bottom (Fig. 9a). As a result of this
behaviour, almost no difference between the force-drift curves of bare
and decoupled infilled frames can be seen (Fig. 7b). The base shear force
of the masonry infill is almost negligible (Fig. 7b), and masonry infills
remain undamaged in all models up to the ultimate in-plane drift of
3.5 %. Table 7 shows that only at in-plane drifts larger than 0.5 %, a
slight increase of the shear force can be noticed at the upper parts of the
left column. Since there is almost no change in the distribution of
bending moments in comparison with the bare RC frame, the bending
moment diagrams are not presented.

As shown in Fig. 7, masonry infills with top-right (non-loaded)
window openings (W-TR) show slightly greater deviation from the bare
frame and higher masonry infill activation than other window config-
urations (W-C, W-TL). For the smallest opening (W-TR20-D), the
compression strut in the masonry infill can form similarly to that in a
fully infilled frame (SOLID-D), resulting in nearly identical in-plane
force-drift curves for these configurations. The compression strut is
only slightly more shallowly inclined (Fig. 9b).

With increasing opening size (specimens W-TR30-D, W-TR40-D, W-
TR50-D), the compression strut in the masonry infills becomes steeper
(Fig. 10a,b), and part of the masonry infill next to the loaded (left)
column performs rotation (Fig. 10a,b), while part of the masonry infill
below the opening undergoes sliding (Fig. 10a,b). This mechanism
causes minor cracking near the opening corner at low in-plane drifts but
delays further damage, allowing the masonry infill to accommodate
frame deformations effectively up to in-plane drifts beyond 2.0 %.
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Depending on the opening size, the significant damage (SD) limit state is
reached between 2.3 % and 3.0 % of in-plane drift.

Among all opening sizes, the W-TR20-D specimen shows the stron-
gest frame-infill interaction, limited to a moderate increase in column
shear near the loaded corners from 0.5 % of in-plane drift onward
(Table 8). Larger openings cause even smaller shear demands.

4.3. Masonry infills with door openings

Fig. 11a presents the force-drift curves from simulations on RC
frames with decoupled masonry infills containing door openings of
various sizes and locations. For configurations with centric door open-
ings, high in-plane drifts are achieved without masonry infill damage
because of the rotation of the left infill pier and sliding of the RC beam
against the right infill pier, which remains inactive throughout the
simulation (Fig. 11b). This behaviour has also been observed in exper-
imental test D8. As a result, masonry infill activation is negligible, and
only a minimal discrepancy is observed between the force-drift re-
sponses of the infilled and bare frames (Fig. 11a). Additionally, the in-
ternal force distribution remains unchanged compared to the bare RC
frame. The decoupled masonry infill in model D-C40-D reaches the
significant damage (SD) limit state at an in-plane drift of 2.89 %
(Fig. 12a), while in the model D-C50-D, this occurs at an even higher in-
plane drift of 3.4 %.

If the door opening is located next to the left column, the force-drift
curves indicate a complete absence of masonry infill activation, and the
RC frames with the decoupled masonry infills behave identically to the
reference bare RC frame (Fig. 11a). This response results from the full-
height door opening on the loaded side and the unhindered sliding of
the top beam along the right infill pier. As the masonry infills remain
completely inactive, they sustain no damage up to the ultimate in-plane
drift of 3.5 % and have no influence on the distribution of internal forces
on the RC columns.

In the case where the door opening is located on the right side of the
masonry infill, the RC frames with decoupled masonry infills also exhibit
behaviour closely resembling that of the bare RC frame. As shown in
Fig. 11a, the initial in-plane stiffnesses of the bare frame and the infilled
frames are identical. With increasing in-plane drift, a slight divergence
in the force-drift curves and a small increase in base shear force of the
masonry infill can be observed (Fig. 11a), although these effects remain
insignificant. Furthermore, Fig. 12b shows a slight increase in shear
force measured at the loaded corner of the left column, at in-plane drifts
larger than 0.5 %, while the bending moment distribution remains un-
changed from that of the reference bare frame and is therefore not
presented. The results in Fig. 12b correspond to the configuration with a
40 % opening. For the model with a larger opening (50 %), interaction
effects are even less significant and are not presented. The significant
damage (SD) to decoupled masonry infills in models D-R40-D and D-
R50-D appears at around 3.2 % and 2.4 % of in-plane drift, respectively.
However, damage patterns are not additionally presented as they are
similar to those already presented in Fig. 12a, for the left infill pier.
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Fig. 9. Horizontal displacements at 2.0 % of in-plane drift: Specimen W-TL20-D (a) and W-TR20-D (b).
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Table 7
Distribution of shear forces on the RC frame with decoupled masonry infill with a 20 % of window opening located at the top-left corner (W-TL20-D).
Left column Right column
& ; —BF-Dift 0.1% 25 I — BF-Drift 0.1%
i
2 ' ---D-Drift 0.1 % 2 ' - -D-Drift 0.1 %
! ; 1
' —BF-Drift 0.5 % " —BF-Drift 0.5 %
= : = "
E1s i - -D-Drift 0.5 % E1s ; - -D-Drift 0.5 %
e B - |
) —BF-Drift 1.0 % S ; —BF-Drift 1.0%
o 1 o 1 0
T i ---D-Drift 1.0% T ! ---D-Drift 1.0 %
i 1
05 i i —BF-Drift 1.5 % 05 f —BF-Drift 1.5 %
i ' - -D-Drift 1.5% h - -D-Drift 1.5%
0 ' ’ —BF-Drift 2.0 % 0 —BF-Drift 2.0 %
-25 0 25 100 -25 0 25 75 100
Shear force [kN] ---D-Drift 2.0% Shear force [kN] -+=D-Drift 2.0 %
U, ui[m] U, u2[m]
+5.568e-02 +8.411e-03
+5.099e-02 +7.273e-03
+4.631e-02 +6.136e-03
+4.163e-02 +4.998e-03
+3.695e-02 +3.861e-03
+3.226e-02 +2.723e-03
+2.758e-02 +1.586e-03
- +2.290e-02 +4.480e-04
+1.822e-02 -6.895e-04
+1.353e-02 -1.827e-03
- +8.852e-03 -2.965e-03
+4.169e-03 -4.102e-03
-5.129e-04 -5.240e-03

Fig. 10. Numerical simulation W-TR40-D: Horizontal displacements (a) and vertical displacements plot (b) at 2.0 % of in-plane drift.

Table 8

Distribution of shear forces on the RC frame with decoupled masonry infill with a 20 % of window opening at the top-right corner (W-TR20-D).

Left column Right column
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4.4. Partially infilled frames

Partially infilled RC frames with total opening percentages of 30 %
and 50 % are also investigated. In these configurations, combined
compression of vertical elastomeric profiles and sliding at the bottom
absorb column deformation and prevent masonry infill activation, as
shown at 3.5 % of in-plane drift for the PI-30-D configuration (Fig. 13b).
Consequently, masonry infills remain almost entirely unactived, and the
force-drift response of the decoupled partially infilled frames closely
matches that of the bare frame (Fig. 13a).

In addition, only a small increase of the shear forces at the top-left
and bottom-right frame corner can be noticed. Results are shown only
for the shear force distribution for the decoupled masonry infill with
30 % of opening (Table 9), as for the larger 50 % opening, the
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interaction is even smaller. The decoupling measures completely pre-
vent damage to these masonry infills.

4.5. Sliding interfaces at the top and bottom of the masonry infill

Although frame-infill interaction is minimal across all configura-
tions (Chapters 4.1-4.4), additional analyses are performed for the most
activated cases within specimen groups (SOLID-D, W-TR20-D, D-R40-D)
to evaluate whether adding sliding surfaces at the bottom of the masonry
infill further reduces interaction. Supplementary simulations with equal
friction at both interfaces (u = 0.1) are conducted, denoted as SOLID-DS,
W-TR20-DS, and D-R40-DS.

The force-drift curves in Fig. 14 show that adding sliding surfaces at
the bottom interface further improves decoupling. The maximum base
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Fig. 11. RC frames with decoupled masonry infills with door openings: Force-drift curves of infilled decoupled frames and decoupled masonry infills (a); Numerical

simulation D-C40-D: Vertical displacements plot at 2.0 % of in-plane drift (b).
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Fig. 13. Force-drift curves of the decoupled partially infilled RC frames and decoupled masonry infills (a) and horizontal displacements plot of the model PI-30-D at

3.5 % of in-plane drift (b).

shear forces of masonry infills are reduced by a factor greater than 4 in
all variants. For SOLID-DS and W-TR20-DS, minor masonry infill acti-
vation occurs only beyond 2.4 % of in-plane drift, while D-R40-DS re-
mains fully decoupled up to the ultimate in-plane drift.

The significantly higher decoupling efficiency is due to the full
activation of the vertical elastomeric strips on both sides, allowing the
system to accommodate twice the frame deformation. This is illustrated
in Fig. 15 for the fully infilled RC frame SOLID-DS at an in-plane drift of
2.0 %. Sliding at the bottom interface activates both sides of the vertical
elastomeric strips, resulting in deformations on each side of about half
the elastomer thickness. A similar behaviour is observed for specimen
W-TR20-DS.

5. Evaluation of the results of the parametric study

The following chapter analyses the results of the parametric study on
decoupled infilled RC frames with regard to the achieved in-plane drift
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capacities and interaction effects. The findings from these analyses serve
as the basis for developing a design concept presented in Chapter 6.2.

5.1. In-plane drift capacities

The decoupling system INODIS ensures that both solid and masonry
infills with openings of various types, sizes, and locations remain largely
unactivated up to an in-plane drift of 2.0 %. The frame deformation is
primarily accommodated by compression of the side elastomeric strips
and sliding mechanism at the top, if sliding interfaces are applied only at
the top of the masonry infill. When sliding interfaces are provided at
both the top and bottom, masonry infill activation is further minimised,
and the elastomeric strips are engaged on both sides.

Across all opening configurations, the masonry infills exhibit distinct
deformation mechanisms, but interaction between the RC frame and the
masonry infills remains minimal. This confirms efficient decoupling and
controllable behaviour even beyond 2.0 % of in-plane drift. Owing to
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Table 9
Distribution of shear forces on columns of the decoupled partially infilled RC frame (PI30-D).
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Fig. 14. Force-drift curves of decoupled infilled RC frames and decoupled masonry infills with different friction coefficients at the bottom interface for specimens:

SOLID-D (a), W-TR20-D (b) and D-R40-D (c).
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Fig. 15. Horizontal displacements plot and deformation of elastomeric strips at
2.0 % of in-plane drift — SOLID-DS.
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the effective decoupling, the masonry infills exert minimal influence on
the frame, which deforms and cracks similarly to a bare RC frame, as
illustrated in Figs. 6, 8b, and 12a. Furthermore, the plastic hinges at the
column ends are already formed at around 2.0 % of in-plane drift in all
simulations, indicated by plastic strains in the reinforcement bars and
compressive damage in the concrete (Fig. 16a,b). Moreover, this corre-
sponds well with observations from the experimental test on the refer-
ence bare RC frame [60] as shown in Fig. 16c. Thus, decoupled infilled
frames can achieve the deformation capacity of the bare frame, provided
efficient decoupling is ensured through the design concept proposed in
Chapter 6.2.

Following the definitions of the significant damage (SD) [59] and
near collapse (NC) limit states [61], the SD limit state occurs at in-plane
drifts above 2.3 %, while the NC limit state is not reached even beyond
2.5-3.0 % of in-plane drift. The decoupled infilled RC frames exhibit
significant deformation reserves, with the SD limit state occurring
beyond the maximum normative design in-plane drift of 2.0 % and the
NC limit state shifted to higher in-plane drift levels.
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Fig. 16. Plastic strain for the reinforcement bar at the plastic hinge location (top-left corner) in simulation SOLID-D (a) and compressive damage propagation at
2.0 % of in-plane drift (b) and plastic hinge in bare frame test A [60] (c) at the ultimate in-plane drift of 3.5 %.
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Fig. 17. Kip/Kgr (a), Vip/Ver (b), Ving/Var (€), Vrp1p/Ver (d) and Ving/ Vg, (€) ratio for RC frames with decoupled masonry infills at different in-plane drifts.
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5.2. Frame-infill interaction effects

The frame-infill interaction in RC frames with decoupled masonry
infills is evaluated by comparing their in-plane response to that of the
reference bare RC frame. Key design parameters include the ratio of in-
plane stiffness of the infilled frame to the bare frame Kr/Kgg, the ratio of
base shear force of the infilled frame to that of the bare frame Vig/Vgp,
the ratio of base shear force of the masonry infill to that of the bare frame
Vine/Var, the ratio of shear force at the top of the left column (loaded
corner) in the infilled frame to that in the bare frame Vry,1r/V1r gr, and
the ratio of base shear force of the masonry infill to the in-plane resis-
tance in shear of masonry infill Ving/Vap. Results are evaluated up to the
in-plane drift of 2.0 %.

First, the in-plane stiffness ratio Kiz/Kgp is evaluated. For small in-
plane drift values, the initial in-plane stiffness is determined as the
slope of the load-displacement curve within the linear range, prior to
onset of nonlinear behaviour. At higher in-plane drift values the secant
in-plane stiffness ratio is calculated. Fig. 17a shows that the initial in-
plane stiffness of RC frames with decoupled masonry infills is nearly
identical to that of the bare frame, regardless of opening size or location.
Thus, the dynamic behaviour and horizontal forces of the frame remain
essentially unchanged. With increasing in-plane drift values, the
contribution of the masonry infill gradually increases, reaching
maximum ratios greater than 1.3 at 2.0 % of in-plane drift only for the
most unfavourable configurations SOLID-D, W-TR20-D and D-R40-D
without sliding surface at the bottom. However, the incorporation of
sliding surfaces at the bottom for these configurations effectively limits
the Kip/KpF ratio to about 1.3, even at 2.0 % of in-plane drift. Fig. 17b
demonstrates that the Vip/Vgp ratio increases gradually with in-plane
drift and their values are comparable to the stiffness ratios. Again, the
installation of sliding surfaces at the bottom interface ensures that the
Vir/Vpr ratio is about 1.3 for the most unfavourable configurations at
2.0 % of in-plane drift. Fig. 17c shows a gradual, controlled increase in
the Viyp/Vpr ratio with in-plane drift. The ratio exceeds 0.3 only in a few
cases at 1.5 % and 2.0 % of in-plane drift with a sliding surface at the
top. However, for configurations SOLID-D, W-TR20-D, and D-R40-D
adding a bottom sliding surface reduces the Viyg/Vpr ratio below 0.05,
even at 2.0 % of in-plane drift.

Fig. 17d shows that the shear force at the top-left (loaded) corner of
infilled RC frames Vi ir increases slightly with in-plane drift, while
remaining close to that of bare frame Vry,gr. The Vi, 15/ V1 pr ratio stays
below 1.3 for most cases at 1.5 % of in-plane drift and exceeds 1.5 only
for a few configurations at 2.0 %. Chapter 6.2 introduces an equation to
estimate the force transfer from the column to the masonry infill,
ensuring effective decoupling. The force transfer in the frame corner is
triangular and follows the global frame deformation. This distribution is
used as a basis for the calculation of the contact force in Chapter 6.2.

Fig. 17e shows that the Viyp/V,p ratio, representing the base shear of
the decoupled masonry infill relative to its in-plane resistance in shear,
remains below 0.3 for most cases. Herein, V,;, is calculated according to
Eq. (11), without applying the partial safety factor yy. The ratio Ving/Vap
exceeds the value of 0.3 only in a few configurations with a single top
sliding surface (W-TR40-D,D-R40-D, D-R50-D) at in-plane drifts be-
tween 1.5 % and 2.0 %, while adding a bottom sliding surface further
decreases the Ving/Vyp ratio to below 0.05 for these cases.

6. Conclusions for the design of decoupled infilled RC frames

Based on the findings from the parametric study, a fundamental
design concept for RC frames with INODIS-decoupled masonry infills is
derived. As an input for the design of the decoupling system, the
maximum interstorey in-plane drifts d; sp are to be calculated at SD limit
state using a simple bare frame model without considering the contri-
bution of masonry infills. Using the calculated interstorey in-plane drift,
the design can be carried out storey by storey for the most unfavourable
masonry infill and the governing interstorey in-plane drift.
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Alternatively, the storey-by-storey approach can be omitted by assuming
the maximum interstorey in-plane drift for all stories. The use of a bare
frame model seems justified by the significantly reduced interaction
between the frame and the masonry infill, as summarised in Chapter 5.2,
and yields conservative interstorey in-plane drift values for design
purposes, since only the frame stiffness is considered. Nevertheless, it
must be verified that the contribution of the masonry infills to the lateral
stiffness and resistance of the building against seismic actions can be
neglected.

According to FprEN 1998-1-2:2025 [45], verification can be
demonstrated by showing that the contribution of the masonry infills to
the total lateral stiffness does not exceed 15 % of that provided by all
primary seismic members. If the contribution is greater than 15 % but
does not exceed 30 %, two separate analyses must be performed: one
including only the primary members, and another including both the
primary members and the masonry infills. In this case, the most unfav-
ourable seismic action effects obtained from the two analyses should be
considered in the verification. Alternatively, it shall be verified that the
shear force transferred from the columns to the masonry infill is not
greater than 30 % of its in-plane design resistance in shear. From the
parametric study it can be concluded that the ratios Kijp/Kpr and
VINE/Vap do not exceed 30 % for any masonry infill configuration with
sliding surfaces at top and bottom interface, even at 2.0 % of in-plane
drift. The results demonstrate that, with appropriate design, INODIS is
generally capable of providing the required decoupling to classify
decoupled masonry infills as non-interacting according to FprEN
1998-1-2:2025 [45]. Additional support for this conclusion lies in the
fact that the RC frame columns in this study have the minimum typical
dimensions used in practice b/h = 25/25 cm, while the masonry block
thickness with 30 cm likely represents an upper bound of common
practice. Consequently, the studied ratios would be expected to decrease
for most practical configurations. Since the parametric study cannot be
generalised, the following chapters present the design concept in which
the transfer of shear force from the columns to the masonry infill is
limited to 30 % of its in-plane design resistance in shear. Chapter 6.1
first explains the determination of the in-plane resistance of masonry
infill, followed by the presentation of the overall design concept in
Chapter 6.2.

6.1. In-plane resistance in shear of masonry infill

The in-plane resistance in shear of masonry infill is calculated based
on frictional failure, as this generally provides the lowest shear resis-
tance for masonry infills. Accordingly, the design in-plane resistance in
shear of masonry infill Vg grq is calculated following the approach by
[62], as recommended in [45], and reduced by the reduction factor p,p
proposed by [63]:

Fig. 18. Decoupled infilled RC frame deformation under lateral load
and notations.
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Pon an

Vap.Rd = l tap kaO lap + ﬂfl—sthSing
14 1—p T
Herein, yy is the partial safety factor at SD limit state, t, is the
masonry infill thickness, l,, masonry infill length, hyp is the masonry
infill clear height, [ is the length of the diagonal of the masonry infill, 8
is the angle between the masonry infill diagonal and the horizontal
(beam), fyko is the characteristic initial shear strength of the masonry
and uf is the characteristic friction coefficient. Fig. 18 shows the
decoupled infilled RC frame with the notation of its dimensions. The
reduction factor for openings is calculated as:

Pop = 0.55€xp( — 0.035-t5) + 0.44exp( — 0.025-a;) 12

The coefficient a, represents the ratio of the area of the opening to
that of the masonry infill, and o is a ratio of the length of opening to the
masonry infill length. However, it should be noted that the design in-
plane resistance in shear of masonry infill, Vg rg, calculated according
to Eq. (11) and adjusted by the reduction factor for openings in Eq. (12),
does not necessarily represent the actual failure mode of decoupled
masonry infill. Instead, this approach provides a conservative approxi-
mation that accounts for the influence of openings on the in-plane
resistance of masonry infills.

6.2. Design concept

It must be verified that the shear force Vg, transferred from the
columns to the masonry infill does not exceed 30 % of the in-plane
design resistance in shear Vg rq of the masonry infill:

Vc.ap < O-3Vap,Rd (13)

The shear force Vg, transferred from the columns to the masonry
infill can be calculated as:

Vc,ap = 6sj,D'tap'lcs (14)

Here oy;p is the design average stress of the decoupling material
along the contact length ;. The contact length, shown in Fig. 18, can be
calculated as:

I;s = w;/cos© (15)

where wy is the width of the strut, also shown in Fig. 18, and calculated
according to [62]:
w; = 0.25[; = 0.25l,, /cos© (16)

The design average stress oy p is calculated assuming a triangular
stress distribution along the contact length, as shown in Fig. 18. The

Engineering Structures 353 (2026) 122162

maximum stress of this distribution at the top of the masonry infill is
determined from the stress-strain curve of the decoupling material,
corresponding to the strain at the design interstorey in-plane drift d; gp.
If INODIS is installed with sliding interfaces at both the top and bottom,
the design in-plane drift can be reduced by 50 %, as vertical elastomeric
strips at both sides of the masonry infill are activated. If the shear force
V. qp exceeds 30 % of the in-plane design resistance in shear of masonry
infill Vg rg, the thickness and/or stiffness of the vertical elastomeric
strips need to be adjusted. Another option is to reduce the design
interstorey in-plane drift d.gp by modifying the structural system.
Finally, once the condition is satisfied, the seismic design can be further
carried out, without considering masonry infills and using only the bare
frame model. The flow chart of the design procedure is shown in Fig. 19.

7. Conclusions

This article presents the results of the numerical study on the in-
plane behaviour of RC frames with decoupled masonry infills. Decou-
pled masonry infills are separated from the RC frame using the inno-
vative decoupling system INODIS presented by [44]. The study employs
the numerical model developed by [15], which is based on a simplified
micro-modelling approach. First, the numerical model is validated
against three in-plane experimental tests. Afterwards, it is employed for
an extensive parametric study, varying the type, size and location of
openings in the masonry infill. In addition to masonry infills with win-
dow and full-height door openings, the study considers partially infilled
RC frames.

The results of the parametric study demonstrate that the proposed
decoupling system effectively decouples masonry infills from RC frames
across all configurations. Although masonry infills display different
deformation mechanisms depending on the opening configuration, the
decoupling system efficiently accommodates the deformation of the
surrounding RC frame in all cases. Therefore, the activation level of the
decoupled masonry infills remains negligible up to the maximum design
in-plane drift of 2.0 %. Even when masonry infills are activated, at in-
plane drifts above 2.0 %, the activation is slow and controlled, with a
gradual increase of the base shear forces taken by the masonry infills.
Moreover, these forces can be reduced by a factor greater than 4 if the
sliding profiles are installed at both the top and bottom frame-infill
interface. As a result of the efficient decoupling, the first cracking in
the decoupled masonry infills typically occurs at in-plane drifts
exceeding the maximum design in-plane drift of 2.0 %, while the sig-
nificant damage (SD) limit state develops at in-plane drifts above 2.3 %.
The decoupled masonry infills can still accommodate in-plane drifts of
2.5-3.0 % without total damage.

The effective decoupling allows RC frames with decoupled masonry
infills to deform and crack as the reference bare RC frame. The force-

a) Choose the stiffness and the thickness of the vertical elastomeric strips
- If sliding surfaces are provided at both top and bottom interfaces, d, s, can be reduced by 50 %

!

b) Calculate the force transferred from the column to the masonry infill V,

according to Eq. (14)

,ap

.

| c) Verify that the condition is satisfied:

Recheck

V.., <03V,
G ap,Rd condition c) b

ap =

| —

| Condition c) is satisfied

| Condition c) is not satisfied ‘

Adjust elastomer stiffness and/or thickness or
reduce d, s, by modifying the structural system

End: Requirements for the efficient decoupling satisfied ‘ S— ‘ Seismic design of the bare frame structure...

Fig. 19. Design procedure for verification of the efficient decoupling.
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drift response of decoupled infilled RC frames closely matches that of the
reference bare RC frame, particularly up to the maximum design in-
plane drift of 2.0 %. In addition, the distribution of bending moments
in the columns of the decoupled infilled RC frames remains practically
unchanged compared to the case of the reference bare RC frame. For
several configurations, column shear forces at loaded corners increase
slightly for in-plane drifts above 0.5 %. However, this increase is
negligible, as the ratio of the column shear force at the top-left corner of
the decoupled infilled RC frame to that of the bare RC frame generally
remains below 1.3 at 1.5 % of in-plane drift and exceeds 1.5 at the
maximum design in-plane drift of 2.0 % only in a few cases.

The key finding of the study is that the application of the innovative
decoupling system INODIS ensures that the frame-infill interaction re-
mains negligible for all configurations in the parametric study, up to the
in-plane drift of 2.0 %, which represents the upper limit for a highly
ductile design of RC frame structure. Therefore, according to FprEN
1998-1-2:2025 [45], the investigated masonry infills can be classified
as non-interacting, allowing the use of simplified verification rules.
Based on the findings of the study and the recommendations of FprEN
1998-1-2:2025 [45], a simple design concept is proposed. It suggests
that an RC frame with a decoupled masonry infill can be designed as a
corresponding bare RC frame, provided that the shear force transferred
from the column to the masonry infill does not exceed 30 % of the
in-plane design resistance in shear of the masonry infill. If this condition
is satisfied, masonry infill activation remains low, with negligible impact
on the dynamic characteristics of the RC frame structure (initial and
secant stiffness), as well as on the internal forces in the columns, which
justifies the seismic design of the bare frame structure. This straight-
forward design approach offers practical means to enhance the seismic
safety of RC frame structures with masonry infills.

Throughout the present study and previous experimental research by
the authors [44], the application of the decoupling system has been
shown to be an effective solution for protecting masonry infills and
surrounding RC frames from seismic damage. Moreover, decoupling of
masonry infills from RC frames should prevent any adverse effects of
masonry infills on the global behaviour of RC frame structures. There-
fore, the application of the decoupling system should allow flexibility
when planning the distribution of masonry infills within the buildings.
In addition, the proposed design concept enables the practical imple-
mentation of the decoupling system, ensuring effective isolation and
allowing seismic design of the bare frame structure. The plan for the
future work is to demonstrate the application of the proposed design
concept on a practical example.
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