Kingohusene Courtyard Houses, Helsingar/Elsinore, Denmark, 1956-1960, by architect Jgrn Utzon. Photographer: Jens Kristian Seier, 2007.
Source: https://www.flickr.com/photos/seier/2141693607/in/photostream/ (Wikimedia Commons)
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ABSTRACT

In many countries, reinforced concrete (RC) frames are widely utilized as the primary building
structure. The infill is typically composed of traditional masonry (brick elements connected with
mortar), commonly without isolation from the frame. It is noted that in engineering practice, seismic
force calculations for RC frame buildings are often conducted on models that exclude masonry infill,
even when the infill is not isolated from the frame through specific construction elements. In such
cases, the walls are considered only as a permanent load. Consequently, the contribution of non-
insulated (bonded) masonry infill to changes in bearing capacity, stiffness, and ductility of the RC
frame, affecting stresses and horizontal movement during seismic activity, is frequently disregarded.
To assess the consequences of prevalent calculation models, four representative types of RC frame
models with masonry infill were analysed herein. The study demonstrated that differently
conceptualized models of the same building impact dynamic characteristics, including forces and
displacements of the main frame structure. The dynamic analysis revealed that inadequate treatment
of the frame and non-insulated infill connection in the design phase can lead to dangerous
phenomena such as "soft floors," significant torsion, and the effects of short columns going unnoticed.
Therefore, this paper underscores the importance of appropriately addressing non-insulated infill in
the calculation model in routine design practices. Additionally, it advocates for the issuance of precise
instructions for special construction measures that would effectively isolate masonry infill from the
frame when such a solution is justified.

Key words: RC frame buildings, masonry infill, dynamic characteristics, infill stiffness and ductility
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1. INTRODUCTION

In general, when designing buildings in seismically active areas, numerous approximations
are typically introduced into analytical models due to many unknowns. This stands in
contrast to building design in areas without seismic activity. The question of the correctness
(accuracy) of the analytical model in calculation analyses is warranted. To achieve higher
"accuracy," it is essential to encompass everything that occurred in the past and evaluate
potential events during the building's lifespan. Regulations, standards, professional rules,
analytical and experimental research, and engineering knowledge and experience primarily
guide us in this endeavour. Simultaneously, the expectation is that building calculations are
conducted within a reasonable timeframe, ensuring safety and cost efficiency. Therefore,
establishing a high-quality structural conception in the design phase, along with a
corresponding calculation model, is crucial.

During calculation analyses, the designer constructs a model representing the actual
building structure. Generally assuming the model's adequacy for providing accurate and
reliable results, especially with the application of 3D models and modern static and dynamic
software packages, often neglects numerous limitations in such analyses. Experienced
designers, alongside complex computer calculations, critically review and perform control
calculations on simpler models, dividing the structure into logical parts/elements. They also
avoid blind adherence to regulations that might be unclear or illogical for a specific case.
This approach to computational analyses has proven effective, recognizing that all
numerical methods possess advantages and disadvantages, making them inaccurate for all
structure types.

The discussion on the "accuracy" of analytical procedures for calculating real construction
is justified. Experienced engineers do not rely solely on analytically obtained results but
incorporate additional safety measures. The approximation of the structure by
mathematical and numerical models, construction methods, execution inaccuracies,
material inhomogeneity, etc., confirms that the calculated and actual behaviour of the
structure can only approximately align. Building execution occurs in segments, at different
time intervals, using heterogeneous and anisotropic materials, whereas calculation models,
in practice, consider the building as a whole. Such analyses may not adequately encompass
residual stresses, local plasticization, imperfections, crack appearance and propagation,
stress redistribution, soil behaviour, and various subsequent phenomena.

In addition to the series of approximations listed above, the simulation of real behaviour
becomes more complex when the building is subjected to seismic (dynamic) loading. A
rough approximation occurs when seismic load is introduced to buildings. Firstly, the
intensity and properties of the future earthquake are unknown, and secondly, seismic
forces' intensity is typically derived by reducing the design elastic spectrum specified in
regulations. The accuracy of this reduction under specific conditions and the seismic forces'
intensity are valid concerns, given that an earthquake is a spatial phenomenon involving the
chaotic propagation of seismic waves through the ground, interacting with the building [1].

It is justified to perform seismic impact calculation analyses for completed structures,
considering that an earthquake is a load that manifests when the building is in use.
However, considering the aforementioned conditions introducing a series of "errors" into
the calculations, it cannot be definitively stated that the building will behave as per the
calculations or even withstand the predicted earthquake. Therefore, it is reiterated that, for
a favourable seismic response, the most crucial aspect is to have a well-conceived building
design, incorporating fundamental seismic principles during the design phase. Those basic
principles primarily refer to [2]-[4]:
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= proper design of the building disposition, in the base and in height (favourable ratio of
dimensions, aspiration towards symmetry, increased stiffness towards the bottom of
the building, absence of soft floors, proximity of the centre of stiffness and mass on the
floors, increased resistance to torsion, no out-of-line dislocation of vertical columns, no
short columns in lower floors, etc.);

= proper selection of stiffness, load capacity, and ductility of the vertical structural system,
and the use of seismic dividers at discontinuities;

= the use of rigid interfloor structures in their plane, without semi-levels and larger
peripheral perforations (preference is given to monolithic RC interfloors in the system
with underlays);

= foundation selection in accordance with the characteristics of the soil and structure (for
softer soils, preference should be given to foundation slabs and/or rigid grills);

= performing the infill walls in accordance with the calculation model (e.g., isolating the
infill from the RC frame if the infill was not included in the analyses).

The structure's stiffness directly affects the magnitude of the horizontal movements of the
building in the case of an earthquake. Increasing stiffness limits the second-order adverse
effects on the deformed shape of the vertical supporting elements. Limited movements
prevent damage to the infill elements, which can realistically occur even in minor
earthquakes. The bearing capacity of the structure affects the formation of plastic joints in
a strong earthquake. Higher bearing capacity enables the later formation of plastic joints in
the elements and allows elements to remain in the linear-elastic area, without excessive
damage, in less strong earthquakes. Ductile structures, in strong earthquakes, have proven
to be a good choice because, in the process of nonlinear deformation, they absorb seismic
energy and prevent brittle fractures and sudden collapse.

It is known that in constructions made of reinforced concrete, satisfactory load-bearing
capacity, stiffness, and ductile behaviour can be achieved even in the strongest expected
earthquake, especially in regular structures with proper detail shaping and reinforcement.
Such monolithic structures, with their multiple static indeterminacy, enable stress
redistribution and prevent progressive breakage due to damage to one of its
elements/parts. This is of essential importance in preserving the structure's integrity and
preventing collapse because the occurrence of damage in the strongest earthquake is
assumed in advance. On the one hand, it is not economical to design an ordinary building
that would have damage in the main structure and infill elements in weaker earthquakes,
while on the other hand, it is not economical to design such a building that would remain
completely undamaged in the strongest earthquake.

RC flexible frame structures in seismically active areas must have a limited height (number
of above-ground floors) to ensure that horizontal movements remain within satisfactory
limits. Itis crucial to accurately predict the formation of plastic joints in beams and columns.
A viable solution is to initiate the formation of plastic joints first in the beams, then at the
base of the columns, with priority given to the columns of the ground floor. Alternatively, it
becomes necessary to stiffen the skeleton with reinforced concrete walls. Well-designed,
stiffened structural systems of this nature are extensively employed in many countries
worldwide, particularly in regions anticipating strong earthquakes.

Masonry infill is primarily utilized for facades and internal space separation in RC frame
structures (Figure 1). However, during seismic calculation analyses, the infill is typically
omitted from the structural system model and is only considered as an external load per
floor. When a building is designed in this manner, it is essential to implement constructive
measures to ensure the actual isolation of masonry infill from the main RC structure.



Specific measures must be taken to prevent walls from tipping out of their plane. If the
masonry infill is connected to the RC structure, it will inevitably influence the dynamic
characteristics of the structure. Simultaneously, the response of a structure with bonded
(non-insulated) infill may be more or less favourable compared to a pure skeleton. The
possibility of an unfavourable response must be considered and adequately analysed during
the design phase to ensure the building's safety against excessive damage or collapse in a
timely manner.

Figure 1. RC frame structures with masonry infill: a) unanchored walls; b) walls anchored with vertical cerclages;
c) walls anchored with horizontal and vertical cerclages. Case studies from Banja Luka, Bosnia and Herzegovina.
Photography by authors, 2024.

It is known from practice in our region that infill walls of RC frames are traditionally made
with classic masonry blocks connected with mortar, without insulating the infill from the
frame (Figure 2a). It is not a rare case that reinforcement anchors are placed in each or
every other horizontal mortar joint, which are drilled into the columns. Through this
connection, overturning out of the plane is ensured (Figure 2b). Another procedure to
prevent overturning is to fasten the walls to the RC frames by means of horizontal and/or
vertical cerclages, especially for high floors and/or larger spans (Figure 2c). However, it is
not rare in recent practice, even in tall buildings construction, that during the masonry
process there is no additional rigid binding of the infill, that is, no anchoring of the infill walls
for the basic RC skeleton structure.

Figure 2. Execution of frame infill: a) classic masonry; b) anchoring; c) with horizontal cerclage. Case studies from
Banja Luka, Bosnia and Herzegovina. Photography by authors, 2024.

The load capacity, stiffness, and ductility of the non-insulated infill will certainly affect the
behaviour of the RC frame. These influences are not taken into account or are not
adequately considered in everyday engineering calculations. The question of the
correctness of such calculation procedures arises because they do not correspond to the
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actual state of frame buildings and affect their behaviour in earthquakes. There is a need to
consider analyses with non-insulated masonry infill in addition to the calculation analysis of
the RC frame structure without included infill. Modern software can relatively quickly
analyse several different structure models, and such an approach should be prescribed and
standardized in an adequate form, facilitating the application of such calculation analyses
in everyday design practice.

1.1. FRAME AND MASONRY INFILL MODELLING

Regarding the infill characteristics, it should be noted that classic walls are made of masonry
elements (blocks) and mortar as a binding material. These are heterogeneous
elements/materials with anisotropic properties, i.e., there is a big difference in the
behaviour of the walls under pressure, tension, and shear. While the walls, on one hand,
can accept significant compressive stresses, on the other hand, their tensile load capacity is
negligible, and they have a modest shear load capacity. However, shear resistance largely
depends on vertical compressive stresses, and without gravity loading, such stresses are
almost non-existent, so the shear capacity of infill walls is relatively low.

As noted, rigidly bonded infill with RC columns can disrupt the expected behaviour of a pure
frame structure. Reducing the horizontal displacement of the frame is a favourable
contribution of the infill, but the rigid infill, even with large cracks and failure, can damage
the columns in the contact zones (Figure 3), because the frames under horizontal load exert
great pressure on the infill through their deformation. Such frame stresses cause the effects
of compressed diagonals and short (shear) columns. In addition, the different purpose on
different floors affects the amount of the infill, and thus its effects. It is often the case that
infill is omitted on the ground floor (due to business activity), and that infill is significantly
represented in the upper floors (due to residential use). This can cause a soft ground floor
effect, which is particularly dangerous. Also, the amount of the infill can be different in
specific facades in the building. Street facades are often more open than the rest, which
significantly causes asymmetry of the building (increasing the eccentricity of the centres of
stiffness and mass) and the appearance of unwanted strong torsion under seismic load.

'I:q.l [ T

i

Figure 3. Cracks and crushing of infill and columns in an earthquake as a consequence of mutual action: a) Adana-
Ceyhan earthquake 1998 [1]; b) Van earthquake 2011 [1]; c) Chile earthquake 2010 [12].

1.2. OVERVIEW OF CURRENT METHODS

Recent earthquakes in various locations (Petrinja, Croatia, in 2020 [5], Zagreb, Croatia, in
2020 [6], Aegean Sea, lzmir, Turkey, in 2020 [7], Turkey and Syria in 2023 [8], Morocco in
2023) demonstrated significant damage to different building types, especially to brick
buildings and masonry infill in RC buildings. Past earthquakes over the last 15 years (L'Aquila
—Italy in 2009 [9], Lorca — Spain in 2011 [10], Central Italy in 2016 [11], Albania in 2019 [12])
have also shown that masonry infill in RC frames is highly susceptible to damage. Studies on
the earthquake impact on buildings in the 2015 Nepal earthquake revealed that masonry



infill notably increases building stiffness [13]. The contribution of masonry infill to the
horizontal bearing capacity of RC frame buildings, using sophisticated computational
models, was investigated in [14]. The change in the oscillation period of the building
structure caused by non-insulated masonry infill, and thus the change in the calculated
seismic forces, was discussed in [15]-[17]. Also, in [18]-[21], different behaviour of rigid
masonry infill in flexible frames was investigated. In [22], a broader overview of tests on
walls for buckling outside the main plane is given, and the interaction of in-plane and out-
of-plane forces is discussed in [23]-[25], and the complex behaviour of RC frames in such
conditions is indicated. The conducted tests concluded that frame deformation could lead
to the detachment of the masonry infill, potentially causing walls to fall out of their plane.

Omitting non-insulated infill in the design phase calculations can lead to unpredictable
behaviour in buildings during earthquakes, particularly in those with irregularly arranged
infill walls. Such irregularities cause a number of unfavourable effects (torsion, soft floors,
short columns, etc.). These problems were pointed out in [26], [27]. In [28], it was pointed
out that the induced torsion easily leads to the out-of-plane buckling of the infill walls. In
[29], the problem of a soft floor, which appears due to different requirements for space
utilization, was discussed, with the conclusion that this phenomenon must be avoided. The
problem of the soft floor was also pointed out in [30]. Also, the dangers of short columns
due to strong parapet walls appear, which can be a significant problem, as pointed out in
[31], and in [32], it was shown that such infill must be isolated (separated) from the RC
frame.

With the ongoing evolution of computational models, combined with growing experience
and insights into the impact of infill walls on RC frames, a considerable variety of models
have been developed, incorporating masonry infill in their analyses. At the same time, the
modelling of RC frames with masonry infill can, in general, be divided into two groups:
macro-modelling and micro-modelling. Macromodels are intended for the global
calculation analysis of the RC framework structure, where the infill is incorporated in an
acceptable form, such as an equivalent compressed diagonal. Micromodels are designed to
vary a number of parameters, which include the masonry infill and the boundary conditions
of the connection with the RC frame. The goal of such micromodels is to capture as
realistically as possible the local yielding of the connection between the infill and the frame.
It's important to note that there is still no universally accepted consensus on a single
approach to these analyses.

The concept of the equivalent diagonal, by which the masonry infill is introduced into the
calculation models, dates back to the 60s of the last century, and over time this concept has
been perfected (Figure 4) [33]. However, the equivalent diagonal model cannot capture the
change in stress along the column, caused by the infill as a panel with a continuous
connection to the column [34], [35]. For this reason, cases of different orientation and
number of diagonals were analysed (Figure 5), which reduce the lack of continuous
connection between the infill and the frame [36]. Also, some authors dealt with defining
the stiffness of the diagonals, that is, the force-displacement relationship. In [37], the width
of the diagonal was taken as a percentage of its length, and in [38], [39], a more complex
method for calculating the diagonal's width is adopted, taking into account factors such as
the contact length between the frame and the infill and the relative stiffness ratio between
them.

Also, there are proposals for adequate inclusion of infill bearing capacity and the capacity
of different types of failure in RC frames for horizontal force action. In [40], it was
recommended to include more types of infill failure in the analyses, and in [41], a nonlinear
force-displacement connection was proposed, while a trilinear connection was considered
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in [42], [43]. Also, the hysteresis behaviour of the material was considered, but in this case,
there are a number of problems in dynamic nonlinear analyses. One of the most frequently
applied models is given in [44], [45], while in [46], an improved model is shown, along with
experimental tests, which includes the cyclic behaviour of the equivalent diagonal.

. L
I s

e - —

N S =

Figure 4. Diagonal action of masonry infill - equivalent pressed diagonal. Diagrams by authors.

Figure 5. The models with a different number of equivalent pressed diagonals. Diagrams by authors.

The fact is that there is an interaction of horizontal forces in the plane and outside the plane
of the frame, yet this presents a complex challenge for accurate modelling. This issue
necessitates further research and validation to develop adequate modelling approaches.
Increasing the bearing capacity of the masonry infill in the form of the application of
reinforced, instead of ordinary walls [47], [48], or using a textile/wire mesh in the mortar
[49]-[51], can be one of the solutions to this problem. Also, the formation of horizontal
special sliding surfaces is a procedure that increases the deformability of the infill, while not
disturbing the influences in RC frames [52]-[55]. By completely isolating infill walls from RC
elements using special inserts, the RC frames can function in a way that allows the infill to
be disregarded, because in such a case its activation occurs only after significant
deformations of the RC elements. Placing soft material in the joints between the infill and
the RC elements is imposed as a more simple solution [56], [57], with the fact that the safety
of the infill against falling out of the plane should be ensured. In [58], [59], steel anchors
were used for the connection of the infill and RC elements, an examination of such
connections was conducted, and appropriate recommendations were given.

It has been established that there's a need to persist in developing and refining solutions
for insulating infill, and also to validate these solutions through experimental testing.
Although the majority of regulations allow the use of isolated infill, these procedures are
still not clearly and widely elaborated, so in practice improvisations can often be seen. The
INODIS infill frame isolation system (Figure 6) is based on specially designed details
supported by experimental tests and numerical analyses [60], [61]. In the non-linear
analyses, the software package SAP2000 and the characteristics of the joints after
plasticization was used, in accordance with [62]. In the INODIS models, link elements were
introduced to simulate the non-linear behaviour of the equivalent diagonal, and the initial



stiffness and stiffness with cracks were determined according to [63]. With such models,
different infill configurations were analysed, using the approach from [64], [65].
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Figure 6. Infill insulation model in the INODIS system [61].

SUGGESTIONS OF POSSIBLE INFILL MODELS

The typical patterns of damage and failure for masonry infill within a RC frame's plane
usually manifest in one or a combination of the following three ways:

horizontal shearing (sliding) of the wall along the mortar joint,

crushing the wall in the corners due to exceeding the bearing capacity in the pressed
diagonal direction,

cracking the wall as a result of exceeding the tensile load capacity perpendicular to the
pressed diagonal.

The expected behaviour of the RC frame with masonry infill, when subjected to lateral
forces, in the case of the strongest design earthquake, is non-linear in nature, that is, in a
short time it transitions from linear to non-linear behaviour. In this paper, four different
cases of frame building with masonry infill are included in the analysis (Figure 7):

a)
b)
c)

d)

masonry infill continuously bonded with frame — model Ma,
masonry infill isolated from the frame, i.e., frame without infill — model Mb,

masonry infill modelled in the form of equivalent elastic diagonals that bear only
pressure — model Mc,

masonry infill modelled in the form of equivalent diagonals with non-linear behaviour,
that only bear pressure up to a certain limit — model Md.

Ma Mb Mc Md

Figure 7. Calculation models of RC frames with masonry infill — Ma, Mb, Mc and Md. Diagrams by authors.

For all cases considered in the analysis, the assumption made was that there is no masonry
infill on the ground floor, reflecting a typical design in modern urban multi-story buildings
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in these areas (Figure 8). These buildings typically have commercial spaces on the ground
floor, which are often subject to changes in usage. As a result, these areas usually lack rigid
partitions and facade walls. Conversely, the upper floors, designated for residential use,
tend to have a higher density of walls, particularly due to the growing demand for smaller
apartments.

Figure 8. Typical buildings in Banja Luka (the ground floor for commercial spaces, and the upper floors for
residential use). Photography by authors, 2024.

The discussion presented herein aims to highlight the varying responses of RC frames
depending on the type of masonry infill model, illustrated through examples of actual
buildings. The numerical modelling was conducted using the Tower8 software (Radimpex,
Belgrade), which is well-suited for the calculation of multi-story buildings, including brick
buildings.

Cracking of concrete and infill walls in seismic analyses, in all models, was introduced
through the realistically expected reduction in stiffness, in accordance with the usual
recommendations. In the Md model, non-linear connections of equivalent diagonals/rods
with the frame are additionally introduced. The non-linearity of the connections is taken in
the form of a bilinear diagram (Figure 9) for pressed rods because, in all cases, the rods are
prevented from receiving tension.

o [MPa4 5

L 4

¥

4/ 0.1

Figure 9. Bilinear elastoplastic working diagram for equivalent diagonals in the Md model. Diagrams by authors.

2.1. SEISMIC ANALYSIS OF ESTABLISHED MODELS

To align with the objective of assessing the impact of masonry infill on the seismic response
of the RC frame structures, different numerical models (Ma, Mb, Mc and Md) with different



infill-frame connection modelling were illustrated (Figure 7). As an example, the residual
building's frame structure was considered, with the ground floor dimensions being 15.0 x
33.0 m, the upper floors' dimensions being 18.0 x 36.0 m, with a total of Po+P+4 floors, and
anoverall height of 2x 4.0+ 4 x3.2=20.8 m. The basement is a rigid structure with extensive
RC walls, so the seismic analysis is performed only for the above — ground part H = 16.8 m.
Spatial modelling of the structure was performed (Figure 10a), and the relevant section
frames were taken for detailed analysis for all models (Ma, Mb, Mc and Md), where the
results are better presented (Figures 10b, 11a and 11b ). Seismic analysis was performed
according to EC8 (Lateral forces method), for ground acceleration agr /g=0.25, soil category
B and importance factor Il (y=1).
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Figure 10. a) Calculation 3D model of the building structure; b) Section frame for model Ma. Diagrams by authors
(Radimpex Tower 8).
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Figure 11. a) Section frame for model Mb; b) Section frame for models Mc and Md. Diagrams by authors,
(Radimpex Tower 8).

The dimensions of the columns on the upper floors are w/d=30/30 cm, and on the ground
floor are w/d=40/40 cm, to increase the stiffness of the lower floor where the largest
stresses are expected. All beams have a cross-section w/d=25/45 cm, while the infill walls
have a thickness of d=25 cm (medium class brick). The dimensions of the equivalent
diagonal cross-section were taken in accordance with the previously mentioned
recommendations, i.e. the width of the diagonal was taken as the value of the wall thickness
(b=dw=25 cm), while the height was taken as 25% of the mean value of the length of the
diagonal and the height of the frame (d=0.25-0.5-(hw+l4)=0.25-0.5:(320+640)=120 cm). The
diagonals are placed only in case of the walls without openings, where they can be fully
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activated, that is, only in the two main spans of the frame (Figure 11). Diagonals exclude
tension forces.

The initial values of the mechanical characteristics of concrete and infill (uncracked state)
were adopted in accordance with the mentioned usual recommendations (Table 1). In the
seismic analysis, those values were reduced for the expected cracked state (Table 2).

Table 1. Table of Materials

No Material name E [kN/m?2] vl v [kN/m3] Em [kN/m?2] MUm
1 Brick — medium 3.790e+4 0.2 16.0 2.275e+6 0.2
2 C25/30 3.100e+7 0.2 25.0 3.100e+7 0.2

Table 2. Advanced Options of Seismic Analysis

Masses grouped in the selected ceilings levels

Beams — reduction of bending stiffness: 0.750
Walls — reduction of bending stiffness: 0.001
Walls — axial stiffness reduction: 0.500
Columns — bending stiffness reduction: 0.750

The gravitational load is identical for all models, so the mass distribution by levels (floors)
and the total mass, for all models, is the same (ZMass=212 t). The oscillation periods for
models Ma, Mb, Mc and Md are 0.532 s, 1.050 s, 0.943 s and 0.943 s, respectively. The
behaviour factors were calculated for the DCM ductility class in accordance with the
structural systems and their regularity. For model Ma, behaviour factor is q =
0.8-0o'kw=0.8-3-1.3:1.0=3.12, and for remaining models (Mb, Mc and Md) behaviour factor
is =go-kw=3-1.3-1.0=3.90. The distribution of seismic forces by levels (floors) and the total
seismic force IS, differ for each model. Thus, for models Ma, Mb, Mc and Md, the values for
2S are 399 kN, 190 kN, 180 kN and 180 kN, respectively.

Project spectra are given for models Ma and Mb (Figure 12). Models Mc and Md show small
deviations from model Mb, so a separate presentation is omitted.

Design spectrum Design specfrum
ms2 Soil category: B ms2 Soil category: B
Importance factor: Il (y=1.0) Importance factor: Il (y=1.0)
3| Ratio agRig: 0.250 Ratio agRig: 0.250
T Fixed support level: Zd = 0.00 m 1.89 Fixed support level: Zd =0.00 m
\
059 0.49)
2 3 E ~T(s) e 2 g “T(s)
$=1.20, Tb=0.15, Tc=0.50, Td=2.00 $=1.20, Tb=0.15, Tc=0.50, Td=2.00

Figure 12. Design spectra: a) for model Ma (T1=0.532 s, 55=399 kN); b) for model Mb (T:=1.050s, S=190 kN).
Diagrams by authors (Radimpex Tower 8).

For display of characteristic calculation results, diagrams of horizontal displacements X4 and
columns bending moments Ms, induced by the horizontal seismic force, are presented
(Figures 13-16).
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Figure 13. Model Ma impacts: a) horizontal displacement; b) column bending moments. Diagrams by authors,
(Radimpex Tower 8).
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Figure 14. Model Mb impacts: a) horizontal displacement; b) column bending moments. Diagrams by authors,

Load 2: Sx

Beam Resulfs: max M3= 122 / min M3= -96 kNm

(Radimpex Tower 8).

Load 2: $x

B

L3

Beam Results: max Xd= 30 / min X

d=0m /1000

33

52

L

11
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Figure 15. Model Mc impacts: a) horizontal displacement; b) column bending moments. Diagrams by authors,
(Radimpex Tower 8).
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Figure 16. Model Md impacts: a) horizontal displacement; b) column bending moments. Diagrams by authors,
(Radimpex Tower 8).

2.2. DISCUSSION OF ANALYSIS RESULTS

From the comparison of the results for the frame without infill and the frame with bonded
(non-insulated) infill, a significant drop in the basic oscillation period (by almost 2 times) can
be observed, from T=1.050 s for the frame without infill to T=0.532 s for the frame with
traditionally bonded infill. On the other hand, the reduction of the period in the case of the
frame with equivalent diagonals, compared to the frame without infill is much smaller. The
frame with equivalent diagonals has a basic period T=0.943 s, which represents a reduction
of only 9%, compared to the frame without infill.

When the oscillation periods on the response spectrum curve are observed (Figure 12), a
clear difference can be seen between the frame with bonded infill (model Ma) and the
frame without infill (model Mb), showing a significant underestimation of the seismic load
level if the infill is not taken into consideration during the calculation. The frame with
bonded infill (model Ma) activates a total horizontal force of S=399 kN, whereas the frame
without infill activates a force of S=190 kN (model Mb), which is an increase of more than
two times. In the frame with bonded infill, the bending moment in the ground floor column
is M=210 kNm (model Ma, Figure 13b), while in the frame without infill, that moment is
M=122 kNm (model Mb, Figure 14b), which is an increase of approximately 1.7 times. A
frame with bonded infill requires a significant increase in reinforcement in the ground floor
columns compared to the other frames.

The relative horizontal displacement of the infilled frame floors indicates very small
differences, where the absolute floor displacements do not differ a lot from the ground
floor displacement (model Ma). This indicates the emergence of a soft ground floor because
the horizontal movement of the frame mostly takes place on the ground floor (model Ma,
Figure 13a). It is known that the effect of the soft ground floor, due to irregularity, requires
the introduction of a smaller behaviour factor, which additionally increases the calculated
seismic forces. As expected, due to the increase in stiffness caused by the masonry infill, the
displacement of the floors of the frame with bonded infill is significantly less than in the
case of the other frames. The maximum horizontal displacement of the frame with bonded
infill is Xa=15 mm, while the displacement for isolated infill is X¢=40 mm, which is a decrease
of 2.7 times. Also, in the case of frames with bonded infill, the absolute displacements on
the ground floor are the largest (X¢=13 mm), compared to all other models (X¢=7.5 mm).

The horizontal floor movement of the frame without infill, due to the uniform stiffness of
the floors, indicates its almost linear increase along the height of the building (model Mb,



Figure 14a). As expected, the movement of the floors of the frame without infill indicates
that there is no occurrence of a soft ground floor. Also, for the frame without infill, the
absolute displacement at the top of the building is greater than the displacement for all
other models. The frame with equivalent diagonals is somewhat stiffer than the frame
without infill, and the displacements are somewhat smaller (model Mc, Figure 15a). With
this frame, the maximum absolute movement at the top of the object is 30 mm, while with
the frame without infill, this movement is 40 mm, which is a reduction of 25%. The frame
with diagonals, which has a limited ability to receive compressive stress (model Md, Figure
16a), has larger displacements than the frame with standard elastic diagonals, which is
expected. The maximum displacement of the frame with the plasticization of the diagonals
is 38 mm, which is close to the value of the frame without infill, which is 40 mm.

3. CONCLUSIONS AND RECOMMENDATIONS

In this paper, various instances of masonry infill within calculation models are analysed in
accordance with the realistic design and execution of RC frame buildings in Banja Luka and
the wider region. Such types of buildings usually have an open ground floor, for business
purposes, and floors filled with masonry walls, for residential purposes. The research was
conducted to examine the influence of different masonry infill models on the seismic
response of an RC frame with an open ground floor. Appropriate conclusions and
recommendations were formulated.

The research was conducted on four different models (Ma, Mb, Mc and Md). The basic
model consists of a frame without infill (isolated infill) — Mb, and all other models in
different ways include masonry infill (continuously bonded, so-called traditional infill - Ma,
infill in the form of equivalent elastic diagonals that bear only pressure — Mc and infill in in
the form of equivalent diagonals with non-linear behaviour that bear only pressure up to a
certain limit — Md). The behaviours between the models were compared, the most
interesting being the comparison of the frame with isolated infill (Ma) with the other
frames.

The results show that the bonded (non-isolated) infill significantly reduces the natural
periods of the frame, thereby increasing the level of seismic load acting on the structure. In
addition, the bonded infill produces a soft ground floor effect, which reduces the behaviour
factor and increases the intensity of seismic forces. This is not the case with a frame with
no infill, or even with a frame filled with equivalent diagonals. The force-displacement
curves confirm the low deformation capacity of the frame with traditional infill compared
to the frame without an infill and the frames with diagonals. The negative effects of
traditional infill on the behaviour of the frame are best illustrated by the large jump in the
relative inter-floor displacement, which occurs on the ground floor. In contrast, RC frames
with equivalent diagonals behave similarly to unfilled frames, having slightly lower relative
inter-story displacements and a gradual increase in absolute displacements along the height
of the frame.

Seismic analysis showed very bad effects of traditional infill on the overall behaviour of the
building with an open ground floor. The rigid connection of the infill with the frame leads
to a significant change in the stiffness of the entire building, which results in a reduction in
displacements and the appearance of a soft ground floor (in the case of a building with an
open ground floor) and the appearance of significant torsion (in the case of a corner building
open to the street). The results show that the building with traditional infill has significantly
smaller absolute displacements as well as relative inter-floor displacements, compared to
other configurations. However, the movement along the height of the building confirms the
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occurrence of a soft ground floor that happens due to large movements at the ground floor
level, although the relative inter-floor displacements are small. These negative effects can
be removed by applying infill insulation, which results in a slight change in displacement and
relative inter-floor displacement. The occurrence of a soft ground floor with a frame
without infill is not present because the insulation of the masonry infill eliminates the
change in stiffness between floors, which comes from the infill. This is confirmed by
calculation analyses of the frame without infill and frames with diagonals, that is, the model
of the frame without infill can realistically represent the situation of a building with isolated
infill.

Based on the presented results, it can be concluded that the traditional infill, continuously
attached to the frame columns, significantly changes the behaviour of RC buildings, which
is necessary to take into account during the design process. However, modelling masonry
infill is a rather complex and difficult task for everyday practice, especially when that
numerical model needs to consider the interaction of out-of-plane and in-plane wall
influences, which is necessary. In that case, the calculation of RC frame structure with
traditional infill is practically impossible. Therefore, the concept of the design of RC
buildings with masonry infill must be improved so as to offer engineers a reliable and stable
solution based on constructive measures and not on detailed numerical models. The benefit
of the isolation procedure is reflected in the delayed activation of the masonry infill and
thus the significant increase in deformation capacity, as well as the removal of in-plane and
out-of-plane influence interaction, which significantly improves the behaviour of the RC
building with infill. The additional contribution of infill insulation is seen in case of any
change in the basic structure or infill during the building construction or use because such
changes do not have a significant effect on the basic RC frame. In addition, the numerical
model in the form of an RC frame, which takes into account the isolated masonry infill only
as a load, is simple to use in everyday practice.

The insulation of the masonry infill should be done correctly because its unprofessional
separation of from the RC frame can lead to the infill falling perpendicularly to the wall
plane. This is especially dangerous for the upper floors of tall buildings because the
movements of those floors are significant. Recently, it has been noticeable that in domestic
practice this is not taken into account, i.e. there is infill with classic masonry without special
insulation, but also without additional connections to the frame in the form of cerclage or
anchors. This is the worst possible form because during an earthquake the frames are not
saved from the impact of the rigid infill, and the walls are not secured from falling out of
the frame. It is necessary to urgently innovate construction rules and procedurally oblige
contractors to comply with those rules. This would prevent the possibility of excessive
damage to the RC frame and/or walls falling out, thereby endangering human lives and
buildings as a result of the earthquake.
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TULAJ U3SBOPA TUNA MOAENA 3UAAHE UCINTYHE HA CEU3SMUYKN OATOBOP|
APMWPAHOBETOHCKUX OKBUPHUX 3IrPAAA

CaxkeTak: ApmupaHobeToHcKM (AB) OKBMPWM Cy, Y MHOTMM 3eM/baMa, LIMPOKO 3acCTyM/bEHW Kao [1aBH3
KOHCTpYKUWja 3rpaga. Mpu Tome ce ucmyHa OKBUpa Hajuewhe M3BOAM TPAAMLMOHANHUM 3Uaatbem (oneKapcKu
e/leMeHTM noBe3aHn manTepom) 6e3 pasggajarba 0f OKBMpPA. MMO3HATO je A3 Ce Y MHKEeHEepCKoj npakcu
NpopayyHcke aHann3e Ab OKBUPHUX 3rpaja Ha ceMsmuyKe cue yobuyajeHo page Ha MoZenvma 6es yKk/byunBatba
3ugaHe vcnyHe, Yak M y cnyvajeBMMa Kaga NocebHMM KOHCTPYKTMBHUM Mjepama MCMyHa Huje u30/10BaHa of
oKBMpa, NpY Yemy ce 3MA0BM Y3MMajy CamMo Kao cTanHo ontepeherbe. TUMe je MOTNYHO 3aHeMapeH A0MNPUHOd
Hensos0BaHe 3uAaHe UCTyHE Ha MPOMjEHY HOCUBOCTM, KPYTOCTU U AYKTUAHOCTU AB OKBMPA, OAHOCHO Ha NPOMjeH
Hanpesatba WM XOPU3OHTA/SIHOT MOMjepakba KOHCTPYKUMje MPUAMKOM [JejcTBa CEeU3MUYKUX cuna. Y unsb
carnefaBatba MOC/beAMLIA OBAKO, 3a MpaKcy yobuyajeHo, MOCTaB/beHOr MPOPAYyHCKOr MoZena, y pagy C
@HanM3MpaHa YeTUPU KapaKTepuUCTUYHA Tuna mogena AB OKBMpa ca 3uZaHom ucnyHom. [okasasno ce Aa
Pa3nMuMTO NOCTaB/bEHWU MOAE/N UCTE 3rPade Mujerbajy AMHAMUYKe KapaKTePUCTUKE, OAHOCHO CUle U MoMjepatba
rnaBHe OKBUPHE KOHCTPYKUMje. Haume, nprvKazaHOM AMHAMUYKOM aHa/N30M, MoKasyje ce Aa 360r HeaZeKBaTHO
peTvparba Be3e OKBMPA M HEU30/I0BaHe WCNyHe, y ¢asu MpojekToBarba, Ha »KanocT, HepujeTko, “ocTaj
HenpumjeheHe” Bpao onacHe nojaBe MonyT “MeKe eTaxe”, 3HayajHe Top3uje u cn. Ctora ce y pagy Harnawasa|
Ba)KHOCT 3 Ce Y CBaKOAHEBHOj MHXXEHePCKOj NMpaKcu HeW3010BaHa UCTyHa TPETUPA Y MPOPaYyHCKOM MOZEY Ha
efieKBaTaH HauuH. Takohe, y pagy ce amenyje Ha noTpeby Aa ce JOHecCy NpeuysHa ymyTcTBa 3a MOCebHe
KOHCTPYKTMBHE Mjepe, Kojum 6u ce MOTMYHO M30/10Bana 3uJaHa WMCMyHa O OKBMPA, Kaja je TaKso pjelletbe

KroyuHe pujeyu: Ab oksupHe 32pade, 3udaHa UCIyHA, OUHaMUYKe KapaKkmepucmuke, Kpymocm u OyKmusaHocm
ucnyHe|
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