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Abstract

Although it is evident that the RC infill wall is an economic and practical way to improve
the lateral strength of framed structures and a retrofitting method for existing buildings
to withstand earthquake loads, there are still a lot of limitations regarding their applica-
tion. Codes do not provide any guidance for their design and detailing or specific regula-
tions for their interaction with the bounding frame. Furthermore, specific directions do not
exist for the modelling or evaluation of frame bays converted into RC walls, depending
on the type and details of the connection. A representation of the real behaviour of the
wall and its interaction with the bounding frame during an earthquake is necessary to pro-
vide more accurate guiding information. For this aim, numerical models of this structural
system were developed and are presented in this paper. The experimental results of the
project SERFIN, which was a full-scale four-storey model tested with the pseudo-dynamic
method at the ELSA facility of the Joint Research Centre in Ispra, were used to calibrate
the numerical models. Two-dimensional (2D) frames were modelled in DIANA FEA, and
nonlinear transient analyses were performed to simulate the experimental results obtained
from the SERFIN full-scale experiment. In this paper, the FE model simulation of the test
specimen is presented along with a comparison between the experimental results and the
numerical ones. It was concluded that the developed numerical models capture effectively
the behaviour of the studied structural system and can be used for parametric studies to
examine the effects of the number of dowels on the behaviour of the system and propose
design guidelines based on the results of the parametric study.
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1 Introduction

In recent decades, low and medium-rise RC buildings have experienced considerable dam-
age during earthquakes, which resulted in casualties and financial loss. Thereafter, many
damaged existing buildings had to be effectively and economically retrofitted. Various
strengthening techniques have been assessed and applied in the past decades for the reha-
bilitation of such existing RC frames. Most of the strengthening techniques interrupt the
everyday life of residents, who must evacuate the building during the intervention. Nowa-
days, most of the strengthening procedures are based on global strengthening schemes and
the structures are usually strengthened for limiting lateral displacements to compensate for
low ductility (Kaplan et al. 2011; Moehle 2000; Sonuvar et al. 2004). Increasing the global
stiffness and reducing the seismic deformation expectations of a building for the aim of
seismic retrofitting may be more cost-effective in comparison with the local intervention of
existing components in order to strengthen their capacities (Fardis 2009).

As many RC frame structures with non-seismic details have been severely damaged,
many researchers (Agarwal and Shrikhande 2006; Almusallam and Al-Salloum 2007;
Baran and Tankut, 2011; Frosch, 1996, 1999; Koutas et al. 2015; Ozden et al. 2011)
have investigated the infill-wall strengthening-method to improve seismic performance
by inserting cast-in-place concrete or precast (PC) walls inside the beam-column frame
structure. The strengthening of damaged RC buildings by infilling selected bays in both
directions of the frames with RC infill walls, especially on the perimeter, has proved to be
one of the most feasible approaches in the seismic strengthening of existing buildings. The
infill-wall strengthening-method is cost effective, while greatly increasing shear strength
(Choi et al. 2020). This is a popular, simple, effective, and economic strengthening method
of improving the overall behaviour or RC buildings and is preferred when there are too
many members to be retrofitted (Choi et al. 2020; Turk et al. 2006; Kaplan et al. 2011;
Fardis et al. 2013). According to Chrysostomou et al. (2013a) this is the most effective
and economic method for retrofitting multi-storey multi-bay RC buildings, especially those
with pilotis (soft-storey). This method can be applied to increase the stiffness, strength, and
ductility of the building. Also, with the full infill of selected bays of an existing RC frame,
the effectiveness of the retrofitting is increased, and the construction cost is reduced. How-
ever, it is not easy to secure the sufficient shear resistance performance of the connection
due to the complex connection details between the RC frame and the infill wall (Choi et al.
2020). The RC infills as a retrofitting method is commonly applied to guarantee monolithic
behaviour between the old and the new members to design the new RC walls according to
the codes (CEN 2010; KANEPE 2017). Also, Jirsa (1988) states that the new materials
must be attached to the existing structure to provide the type of monolithic action generally
assumed in the design of the retrofit scheme and states that a simple method to make the
attachments involves the use of epoxy resins to grout reinforcing bars into the existing con-
crete elements. The monolithic behaviour is achieved by the construction of a new thicker
web than the beams and the columns of the existing frame panel with the location of the
new reinforcement outside the existing members and the details of reinforcement as in a
new wall (Fardis et al. 2013). In this way, the new infill walls are much stronger than what
is needed for the strengthening of the structure, and this ‘over-strength’ causes additional
issues like the weak foundations of the existing building compared to the new wall (Fardis
et al. 2013). However, the addition of RC infill walls with the same thickness as the mem-
bers of the frame that bound the new wall for the seismic strengthening of RC buildings is
a relatively new method.
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Even though the RC infills is a common retrofitting method and it is extensively applied
to guarantee monolithic behaviour between the old and new members, it is not addressed
quantitatively by the codes, not even by EC8-3. The retrofitting guidelines of Greece
(KANEPE 2017) refer to the introduction of RC infills within a frame, just in terms of
forces, providing tools for calculating their yield and failure deformations and stiffness,
only if they are integral with the bounding frame. Although for other strengthening meth-
ods of existing structures there are guidelines regarding the design of retrofit and certain
aspects of the seismic response of the retrofitted structure, there are still open topics about
the retrofit method studied in this work. Specifically, their interaction with the bounding
frame, their design, and the detailing between the new web and the bounding frame mem-
bers need to be studied and regulated.

According to EC8-3, among other intervention methods, the addition of new structural
elements is mentioned (e.g., bracings or infill walls). There are instructions for the design
of the structural intervention and the retrofit design procedure. In EC8-3 there are capac-
ity models for the assessment for the existing members of the structure under flexure, and
capacity models for strengthening with concrete jacketing, with steel jacketing, and with
Fibered Reinforced Polymers (FRP) plating and wrapping. For the addition of new RC
walls within existing RC frames, there are no models in EC8-3 (CEN 2010). As it was
mentioned above, the only way to design the new RC wall according to EC8-3 is by the full
monolithic action between the old and the new members.

On the other hand, KANEPE (2017) refers to the introduction of RC infills within an
existing frame. More specifically, this method is recommended for the installation of RC
walls for selected frames for the systematic increase of the stiffness and the seismic capac-
ity of the structure. The new members should be connected properly to the existing frame
and must have a safe foundation. During the analysis of the new structure, the rotation of
the foundation of the new wall should be considered. The new RC wall can be constructed
in situ or can be precast. KANEPE refers to the design of such walls only in terms of
forces, providing tools for calculating their deformations at yield, failure, and stiffness only
if they are integral with the bounding frame.

American Society of Civil Engineers (2007) addresses frames with concrete infills with
no special provisions for continuity from storey to storey and it considers the concrete of
the infill separately from the concrete of the frame. However, the American Society of Civil
Engineers (2007), adds that when the frame and the concrete wall are assumed to act as a
monolithic wall, flexural strength shall be based on continuity of vertical reinforcement in
both the column acting as boundary components and the infill wall, including anchorage of
the infill reinforcement in the boundary frame. Nevertheless, it does not provide any guid-
ance for such continuity or anchorage, neither on how to determine key properties of the
monolithic wall depending on the connection of the RC infill with the surrounding frame.

The inadequacy of design codes in this respect is due to the lack of knowledge of the
behaviour of walls created by the infilling of a bay of an existing RC frame. Furthermore,
regulations do not exist for modelling or assessment of frame bays converted into RC walls
depending on the details and type of the connection. Many different types of connections of
the infill wall to the surrounding frame have been studied, such as the performance of dif-
ferent types of shear keys, dowels, and chemical anchors and wall reinforcement configura-
tions (Altin et al. 1992; Aoyama et al. 1984; Frosch et al. 1996; Jirsa 1988; Sugano 1980).
The design of new RC infill walls and the contribution of the dowels that connect the new
infill wall to the existing RC frame are topics that need further study. There is no quantita-
tive procedure for the design and construction of the new walls. In addition, the contribu-
tion of dowels that connect the new infill wall to the surrounding frame members has not
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been analysed adequately yet. The dowels affect the behaviour of RC infills and the overall
shear resistance capacity of the building. Their action is a complicated mechanism, and the
way of designing them is not clear. The only way to design the new RC walls according to
ECS8-3 is to guarantee monolithic behaviour between the old and new concrete. Although
for other strengthening methods of existing structures there are guidelines regarding the
retrofit design and certain aspects of the seismic response of the retrofitted structure, there
are still open issues about the studied retrofit method. For example, their interaction with
the bounding frame, as well as their design and detailing between the new web and the
surrounding frame members need to be regulated. Further research should include experi-
mental investigations focused on the behaviour of strengthened structures, as well as meth-
ods of establishing the connection between the old and newly designed elements (Folici
2015). Guidelines have been lacking beyond the epoxy manufacturer’s recommendations
on details of installing epoxy grouted dowels and design values to use (Wyllie 1988). Fre-
quently, it is necessary to strengthen existing concrete structures for improved seismic per-
formance, either after a damaging earthquake or in preparation for a future event. Epoxy
grouted dowels are ideal for this task due to the strength and ease of installation of epoxy
resins to anchor dowels (Wyllie 1988).

Moreover, the experimental research work that has been performed in the last decades
on the application of RC infill walls is not adequate and most of the research has mostly
targeted what is feasible: testing of one-to-two storey specimens because of the practical
difficulties of testing large specimens with high resistance (Chrysostomou et al. 2016). The
tests have been restricted to small-scale specimens, possibly owing to the technical limi-
tations of testing walls of very large shear force resistance (Chrysostomou et al. 2013a;
Fardis et al. 2013). Another drawback of past investigations is that they did not propose or
even follow a quantitative procedure for the design of the connection between the RC infill-
ing and the bounding members of the frame. Furthermore, they have not led to, or sup-
ported, any procedure for the quantification of the engineering properties of the RC infilled
frame, which is crucial for its analysis and design in the context of modern performance-
based seismic design, that is the moment, the effective stiffness, and shear resistances, the
deformation at yielding and the cyclic deformation capacity (Strepelias et al. 2012). Subse-
quently, data is missing for full-scale specimens that reflect actual cases.

Despite the common field practice of new walls that encapsulate the frame members,
the tests have been limited to small-scale specimens with new webs thinner than the sur-
rounding beams or columns, possibly owing to the technical limitations of testing walls
of very large shear force resistance (Chrysostomou et al. 2013a; Fardis et al. 2013). From
the experimental studies that were studied, only the SERFIN experiment was full scale.
Most of the experiments were on scales 1:3, 1:5, and 1:7, and only a few on a 1:2 scale.
In addition, it was noted that most of the experiments were testing one to three-storeys
and just one was found to test five storeys, but even though they examined the effect of
the number of storeys, they did not examine the number of bays. Most of the specimens
were one-bay ones and very few specimens were three-bay. It is apparent that for practi-
cal reasons, the experimental research mainly targets what was feasible and not on what is
realistic and what is found in practice. Even in the extensive research on this subject, there
is no experimental data for the taller full-scale specimens that reflect real building applica-
tions probably due to the practical difficulties associated with the high forces needed for
the tests (Chrysostomou et al. 2013a). A common feature of all tests is the rather small
thickness of the RC infill compared to the width of the frame members. This further penal-
izes the shear resistance of the composite wall and the new web-frame connection (Strepe-
lias et al. 2012).
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Another drawback that was noted from the past investigations is that they did not pro-
pose or even follow a quantitative procedure for the design of the connection between the
RC infilling and the surrounding frame members. That detail was empirically selected,
almost non-engineered (Fardis et al. 2013). Furthermore, they have not led to, or supported,
any procedure for the quantification of the engineering properties of the RC infilled frame
which is essential for this analysis and design in the context of modern performance-based
(and most often displacement-based) seismic design: the effective stiffness, the moment
and shear resistances, the deformation at yielding and the cyclic deformation capacity
(Strepelias et al. 2012). Nevertheless, it is evident from the research that the RC infill walls
is an economic and practical way to strengthen the lateral stability of framed structures and
to retrofit existing buildings to withstand earthquake loads.

To start filling the gap of knowledge and to examine the effectiveness of seismic retrofit-
ting of multi-storey multi-bay RC frame buildings by the conversion of selected bays into
new walls through RC infilling, a full-scale specimen was studied experimentally through
pseudo-dynamic (PsD) tests within the project “Seismic Retrofitting of RC Frames with RC
Infilling” (SERFIN) at the European Laboratory of Structural Assessment (ELSA) facility
at the Joint Research Centre (JRC), in Ispra. The purpose was to study the efficiency of the
retrofitting method through experimental testing of a full-scale model of four-storeys with
the PsD method. The frames of the SERFIN model were designed and detailed for gravity
loads only. Several connection details between the new RC infill walls and the surrounding
frame were used. Further details and information about this research work can be found in
Chrysostomou et al. (2013a), Chrysostomou et al. (2013b), Chrysostomou et al. (2014),
Poljansek et al. (2014).

It is apparent that the codes and standards for seismic retrofitting of existing RC struc-
tures do not provide complete guidance for the design and detailing of the attachment of
new walls to existing frames. Furthermore, regulations or even design guidelines do not
exist for modelling or evaluation of frame bays converted into RC walls depending on the
type and details of the connection. Subsequently, further investigation is required regard-
ing their design and construction, and a parametric study of dowels is necessary. In order
to achieve the above objectives two actions are necessary: first, sophisticated and reliable
nonlinear numerical models are required that capture the complex behaviour of such a sys-
tem, and second, parametric studies, using the calibrated model of the first action, in which
the effects of the reduction of dowels are studied and design guidelines are proposed.

In this paper, the FE model simulation of the test specimen is presented along with
a comparison between the experimental results of the SERFIN project and the numeri-
cal ones, both at local and global level, which covers the first action. Detailed descrip-
tion of the experimental results are given in Chrysostomou et al. (2013a), Chrysostomou
et al. (2013b), Kyriakides et al. (2015), Chrysostomou et al. (2014), Poljansek et al. (2014).
The development and calibration of the numerical models are presented in Sects. 2 and 3,
respectively, while in Sect. 4 the conclusions drawn are stated.

2 Numerical simulation
In order to fulfil the first action of this research, FE models of the SERFIN full-scale PsD

tested specimen were developed in the DIANA FEA tool and were validated using the
experimental results of the test.

@ Springer



Bulletin of Earthquake Engineering

In this section, the FE model of the south frame of the SERFIN, and its calibration are
described and presented.

2.1 Finite element model simulation in DIANA FEA

In this section, the simulation of the south frame of the SERFIN prototype specimen model
in DIANA FEA is presented. The numerical models that were developed are2D continuum
FE models. The assumptions and the boundary conditions that were made for the develop-
ment of the FE models, the elements, and the constitutive material laws that were selected
from the DIANA FEA library, and the mesh that was generated are presented. In addition,
the loads that were applied to the models and the analysis procedures used are described.

Much of the focus was on the behaviour of the individual models that were used for the
modelling and how they were validated, so they would correctly reflect the overall model
behaviour. Suitable elements for the simulation of the RC infills, reinforcement, and frame
members were selected along with material models for concrete and reinforcement, which
included hysteretic behaviour with strength and stiffness degradation. In this way, the FE
models consider the nonlinear hysteretic behaviour of materials during a seismic excita-
tion to capture and evaluate the behaviour of RC infills. The mechanical characteristics
of the materials of the model have been chosen with a correlation with the experimental
characteristics as discussed in Sect. 2.1.3. Furthermore, a detailed analysis was obtained
considering the nonlinear behaviour of the materials at the local level (nonlinear transient
analyses were performed) to simulate the experimental results.

Two distinct numerical models were developed in DIANA FEA and they consisted of
the existing RC frame and the new RC infill wall, like the prototype model. Initially, the
first numerical model was developed without the consideration of the interaction between
the existing bounding frame and the new RC wall (model I displayed in Fig. 3). The infills
were monolithic with the bounding frame and all reinforcing bars were modelled to carry
axial loads only. In the second numerical model (model II shown in Fig. 4), the interaction
between the existing bounding frame and the new RC wall was modelled through interface
elements, to allow for the separation of the bounding framing members and the RC wall at
the interface when they are in tension (caption of tension cut-off behaviour). In this case,
the dowels were modelled in such a way so they can take shear and axial forces, as well as
moments. Both numerical models are described and presented along with their results in
this section.

2.1.1 Model characteristics and assumptions

The boundary conditions and assumptions that were made for the simulation and the analy-
sis of the FE model are described in this section. Specifically, a rigid foundation was simu-
lated, and pin supports (X and Y translational constraints) were applied at the base of the
building model (see Fig. 1). Moreover, the additional retrofit with three-sided carbon fiber
reinforced polymers (CFRPs) jackets that were applied at the SERFIN specimen to rein-
force the edges of the wall on the lap-length to avoid premature tensile lap-splice failure
(for further details see Chrysostomou et al. (2013a), Chrysostomou et al. (2013b); Kyriak-
ides et al. (2015), Chrysostomou et al. (2014), Poljansek et al. (2014) were not considered
in the DIANA FE model. In Figure 1 the geometries of concrete and reinforcement mem-
bers in DIANA FEA are illustrated.
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Fig.1 a Concrete geometry shapes of the FE model and boundary conditions, b Embedded reinforcement
bars for the existing frame and web reinforcement of the infill wall and dowels, ¢ Complete geometry of the
FE model

The additional weight of half of the experimental slab and transverse beams was added
to the 16 joints of the model through mass point elements. The dead and live loads were
applied on the beams as edge pressure load with the same values as the prototype model
and the earthquake signal with 0.25 g peak acceleration was added as body force for base
excitation with the earthquake time-history function.

Then, the nonlinear transient analysis was executed in DIANA FEA. In order to perform
a nonlinear transient analysis, the Rayleigh damping coefficients were defined in DIANA
FEA using a 0.25% damping ratio, which is a small value since the SERFIN specimen was
tested using the pseudo-dynamic (PsD) test method in which no damping is applied. The
secant Newton method (quasi-newton), which is an iterative method, was applied, together
with the line search method. The convergence tolerance that was applied was 0.2% for both
force and displacement.

2.1.2 Elements and mesh

The elements and the mesh that were selected and applied for all the members of the frame
in DIANA FEA are presented in this section. Different elements were used to simulate
the concrete elements of the frame, the frame reinforcement, the web reinforcement of the
infill, the dowels that connect the new infill wall to the existing frame, and the interface
between the existing frame and the new infill walls. In addition, as was mentioned before,
point mass elements were used to add half the mass of the specimen (slabs and transversal
beams, Poljansek et al. (2014) to the 2D FE frame.

It is important to mention that for the second FE model (model II) reinforcing bars of
the RC frame and the web reinforcement of RC infills were modelled to carry only axial
loads, whereas the dowels were modelled to capture not only axial loads but shear and
moment as well.

2.1.2.1 Concrete mesh The concrete frame members (columns, beams, and joints) and the
infill wall were simulated using the 2D regular plane stress quadrilateral elements with 8
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Table 1 Reinforcing bars for the

Frame members Longitudinal reinforcing bars Shear links
frame members

Longitudinal beams 4Y12 Up+down Y8/200

Columns 4Y20 Y8/200

Table 2 Infill wall reinforcing web bars

Infill wall Vertical web bars Horizontal web bars
Ground floor web bars Y10/200# (2% 11 bars) Y10/200# (2% 13 bars)
1st storey web bars Y8/200# (2 x 11 bars) Y8/200# (2 x 13 bars)
2nd storey web bars Y8/200# (2 11 bars) Y8/200# (2 x 13 bars)
3rd storey web bars Y8/200# (2 11 bars) Y8/200# (2 x 13 bars)

nodes (CQ16M) from the DIANA FEA element library. In addition, the plane stress ele-
ments can be combined with the bond-slip reinforcement elements in DIANA FEA in case
we do not want perfect bonding between concrete and reinforcement steel (DIANA FEA
BV 2019).

2.1.2.2 Reinforcement mesh For the first FE model (model I) the frame reinforcing bars,
the web reinforcement of the RC infills, and the dowels were modelled as reinforcement
steel bars and for their mesh, 1D embedded bar reinforcement inside plane stress elements
were used, which can carry only axial loads and they exhibit strains and stresses in the lon-
gitudinal direction only. For model II, only the frame reinforcing bars and the web reinforce-
ment of the RC infills were modelled with these elements, since the dowels were modelled
in such a way so they can take not only axial load but also shear load and bending moment.
The reinforcement steel bar elements that were applied for the reinforcement in the two
developed models are described in this section.

Reinforcement steel bar elements can be embedded in all structural interface elements,
and they are applied when it continues from one structural part into another and have a
considerable effect on the cracking or sliding of the connection between these two parts.
Such reinforcement was applied in the FE model that was generated. For the generated FE
models, the bar reinforcement is embedded in the regular plane stress elements that were
used for the concrete members of the FE model. For the FE model of the south wall that
is examined, four cross-section areas of bars (Y8, Y10, Y12, Y20) were used like in the
prototype model (Poljansek et al. 2014). The reinforcing bars that were applied in the FE
models are given in Tables 1, 2, 3 and 4.

2.1.2.3 Dowel mesh As it is shown from the literature, even though the dowel reinforc-
ing bars (shear connectors) between the existing bounding frame members and the new
infill wall affect the behaviour of RC infills and the overall shear resistance capacity of a
building, it is not clear how to design them. This is because their behaviour is based on
a complicated mechanism. The modelling of the dowel action has not been mentioned
in the literature for the finite element (FEM) analysis before 1991 (El-Ariss 2007). To
analyse the details of the dowel action, the steel bars need to be individually modelled
by finite elements and a very fine mesh must be used for concrete. Except for a large
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Table 4 FE model starter bars

Starter bars West column East column Foundation beam Storey
beam
Ground floor infill 2x13Y10/200 - 2x11Y10/200 (1=670 mm) —
wall (W1) (1=670 mm)
1* Storey infill wall ~ — 2x13Y18/200 2x11Y18/200 (1=520 mm) —
(W2) (1=520 mm)

number of the finite elements, individual modelling of the steel bars and concrete is
not compatible with the common practice of modelling the concrete and steel together
in the analysis of RC structures. In experimental tests, the shear force transferred by
the dowel action is quite difficult to measure because it is embedded with other shear
transfer components (El-Ariss 2007). In fact, since the dowel action involves interac-
tion between the reinforcement bars and the concrete near the cracks and the interaction
stresses are extremely difficult to measure, many details of the dowel action have never
been investigated (El-Ariss 2007). There are not adequate experimental data or theoreti-
cal analysis for the dowel action near the peak load and at the post-peak stage, where
the dowels are more important. During a seismic event, an anchor may be subjected to a
combination of cyclic tension and shear forces. Furthermore, the anchor may be located
in a crack that forms during the earthquake. Specifically, the direction of application of
the actions (axial, shear, combined), the state of the surrounding concrete, quantity, and
orientation of reinforcement in the vicinity of the anchorage, and the characteristics of
the anchor, including load transfer mechanism, material properties, diameter, and embed-
ment (Eligehausen et al. 2006).

In order to study the contribution of dowels and to investigate further their design
and placement, they were modelled in the FE model II and their modelling in DIANA
FEA is presented in this section.

As discussed in Sect. 2.1.2.1, the frame was modelled with plane stress elements that
do not have rotational degrees of freedom and the reinforcement elements that were
used for the existing frame reinforcements and the web reinforcement of the infill wall
can only take axial loads. As already stated, the local behaviour of dowels in the FE
model is important in order to study their contribution. Therefore, the shear that the
dowels carry in actual cases was important to be included in the FE model. In this way,
for the FE model II, bond-slip beam-element reinforcements (BAR LINE, INTERF
BEAM) that are available in the DIANA FEA element library as embedded lines in
regular plane stress elements were used to capture the real behaviour of dowels in the
FE model. The deformation of bond-slip reinforcements may not be the same as that of
the elements in which they are located since relative slip is allowed. The reinforcement
is connected with interface elements to the continuum elements in which it is located.
Material and geometry properties are defined both for the reinforcement bar and for
the bond-slip interface. Characteristics of the reinforcement are defined by the location,
material, and dimensional properties. The type of the beam reinforcement element in
plane-stress elements (mother element, CQ16M) that is internally used is automatically
determined as CL9BE.

For the FE model II, three diameters (Y20, Y18, Y16) of circular beam elements with
different lengths were used for the dowels, as shown in Table 3, and correspond to the ones
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Fig.2 Dowels geometry in the
FE model

of the prototype model described in (Poljansek et al. 2014). The geometry of the dowels as
added in the FE model II is shown in Fig. 2.

2.1.2.4 Interface mesh The interface area between the wall and the frame was modelled
in the FE model II to capture the tension cut-off behaviour between the existing frame
and the new infill wall. This allows for a more realistic contribution of the dowel’s rein-
forcement bars to the resistance of the model. For the interface between the frame and
the walls, the two-dimensional (2D) line interface (CL12I) from the DIANA element
library was applied.

The structural interface elements describe the interface behaviour in terms of a rela-
tion between the normal and shear tractions and relative displacements across the inter-
face (DIANA FEA BV 2019). The 2D line interface elements of the DIANA library that
were applied were placed between the edges of the two-dimensional elements of concrete
frame members and the concrete wall. For 2D line interface elements, the thickness (out-
of-plane) is required to be specified by the user for plane stress. For the applied interface
elements, the same thickness of plane stress elements of 250 mm was applied. For this type
of 2D line interfaces elements, DIANA determines the direction in which the thickness is
measured from the element shape.

2.1.2.5 Mass mesh As it is described in Poljansek et al., 2014, the SERFIN specimen
was a full-scale prototype model and since the FE models of the south frame of the speci-
men that were generated are 2D models, the mass of half the weight (312 Tons) of the
prototype building was added in the models by using the point mass elements (PT3T) on
the 16 joints of the frame (see Fig. 1).

The point mass elements that were applied in the models, may be applied to add mass,
or damping to the FE model without influencing the stiffness. The point elements do not
have any post-analysis results like strains or stresses. As point mass, these elements are
typically used to correct the deadweight or to affect the inertial mass in a dynamic analysis.
For the generated FE models, the point mass elements were not applied to add damping
to the FE model. They were applied to add mass without influencing the stiffness. Spe-
cifically, they were used to correct the deadweight of the simulated frame and to affect the
inertial mass, since a dynamic analysis was then executed. In the specific case, the point
mass was used in 2D elements, thus the direction without stiffness was supported.
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(@ (b) (c)

Fig.3 a Monolithic RC frame with RC infills with plane stress elements, b Embedded reinforcement bars
for the existing frame and web reinforcements and dowels, ¢ Complete FE model I (DIANA FEA BV 2019)

Fig.4 a RC frame with 2D line interface elements at the interfaces and plane stress elements, b Embedded
reinforcement bars for the existing frame and web reinforcements and dowel elements which can take shear
forces, ¢ Complete FE model II (DIANA FEA BV 2019)

2.1.2.6 Generated mesh The generated mesh of concrete members, reinforcement, inter-
face areas, dowels, and mass points in the FE models that were developed in the environment
of DIANA FEA are shown in Figs. 3 and 4 for the first and second models, respectively.

In Figure 3, the first ‘monolithic’ model that was generated is presented. As shown,
all the concrete members were meshed with the plane stress elements, and the mass point
elements are shown at the 16 joints of the frame. It is also shown that the frame, the web
reinforcing bars, and the dowels were meshed as 1D embedded reinforcement in the plane
stress elements.
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In Figure 4, the second ‘non-monolithic’ FE model is presented. In Figure 4a, the plane
stress elements that form the frame with the infill walls are illustrated along with the mass
point elements at the joints of the frame. Added to that, in this model the 2D line interface
elements between the new infill wall and the surrounding frame (blue lines) are shown. In
Figure 4b, the frame reinforcing bars (in blue), the web reinforcement of the infill wall (in
orange), and the dowels connecting the new infill wall to the surrounding frame (in red) are
displayed. In Figure 4c, all the elements of the model that was developed are shown.

In Table 5, the elements that were selected from the DIANA FEA element library, and
the parameters that were defined for the generation of their mesh are presented.

2.1.3 Material constitutive laws

The material models that were selected from the DIANA FEA material library for both
concrete and reinforcement steel materials describe the hysteretic behaviour of materials
under cyclic loading. More specifically, the constitutive laws of the materials model the
stiffness and strength degradation and the material softening behaviour which causes local-
ization and redistribution of strains in the structure (plasticity). The materials’ constitutive
laws that were applied for all the materials of the developed FE models are described in
this section.

2.1.3.1 Concrete constitutive law In this research, the behaviour of concrete was simulated
through a material model which expresses the hysteretic behaviour of concrete under cyclic
loading (stiffness and strength degradation), and it is described in this section. For the FE
models that were developed, the ‘Total-strain based crack model’ with rotating crack orien-
tation was used and the Maekawa cracked concrete model was applied for the compressive
behaviour of concrete. For the behaviour of concrete in tension, the fib Model Code for Con-
crete Structures 2010 tensile curve was chosen. In the presented implementation, the behav-
iour in loading and unloading is modelled with a secant unloading in DIANA FEA (Fig. 5).

The Total-strain based crack model is founded on total strain and is formulated along
the lines of the Modified Compression Field Theory, originally proposed by Vecchio and
Collins (1986). For more information about the concept of smeared cracking see DIANA
FEA BV (2019).

The rotating crack approach was selected for the developed FE model since it has been
practiced in the constitutive modelling of reinforced concrete for a long time and appeared
to be well suited for RC structures. A more detailed explanation of the Total Strain Crack
model concept is given in DIANA FEA BV (2019).

For the Total Strain Crack model, several functions based on fracture energy are imple-
mented, which are all related to a crack bandwidth as it is usually the case in smeared crack
models (DIANA FEA BV 2019). For the developed FE model the nonlinear tension soften-
ing (Fig. 6) according to Paragraph 5.1.8.2 of the “fib Model Code for Concrete Structures
2010” (FIB 2013) was used to model the tensile behaviour of concrete, with the tensile
strength (f;) equal to 2.6 MPa.

For the compressive behaviour of concrete, the curve that was selected from the avail-
able hardening—softening curves in compression from the DIANA material library is the
Maekawa Cracked Concrete curves (see Fig. 1). When the Maekawa Cracked Concrete
curve is selected, automatically the unloading and reloading curves in both tension and
compressive regime are applied in the Total Strain Crack model (DIANA FEA BV 2019).
For this model, the compressive strength f, under uniaxial stress situations is defined.
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Fig.5 Loading—unloading
(DIANA FEA BV 2019)
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Fig. 7 Hysteresis for Mackawa model for compressive behaviour of concrete (Maekawa et al. 2003)

Young’s modulus E is specified in the material properties and strain e, at the compressive
strength in case of uniaxial loading conditions is calculated from Eq. 1 (DIANA FEA BV
2019). The reduction factor for the tensile strength Rf was set to linear, which specifies that
the reduction factor of the tensile strength is equal to the damage factor K: Rf=K.
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Figure 7 shows the typical uniaxial stress—strain development as defined by the Cracked
Concrete curves. The equations that define the Maekawa Cracked Concrete curves can be
found in Maekawa et al. (2003).

The direct input that is needed for the application of the Modified Maekawa model as
implemented in the standard DIANA FEA code, is the Young’s modulus, the Poisson’s
ratio, the selection of the total strain crack model (fixed, rotate, non-orthogonal), the com-
pressive strength fc under uniaxial stress condition and the stress confinement function.
In Table 6, the material mechanical properties of concrete that were defined in the model
according to the SERFIN experimental concrete properties are shown. For the compressive
behaviour of concrete, the Maekawa Cracked Concrete curve is used with a mean com-
pressive strength of 33 MPa. It is important to mention that the Young’s modulus of con-
crete was calibrated in the model to get the real behaviour of the building that was already
cracked. Therefore, the Young’s modulus was reduced from 30 to 15GPa. The validated
parameters that were applied for the FE model are shown in Table 6. Moreover, a detailed
description of the material constitutive model that was applied for concrete can be found in
Maekawa et al. (2003).

The applied material model for concrete was assessed under cyclic loading to verify its
hysteretic behaviour (by applying compressive and tensile force loads in one plane stress
element) after the definition of the model parameters in the software. The stress—strain dia-
grams that were obtained from the DIANA FEA results and are illustrated in Fig. 8 reveal
that the applied concrete model provides the hysteretic loops according to the defined ten-
sile and compressive strengths in the FE model, while as shown, the model expresses the
energy dissipation during cyclic loading paths according to the properties that were speci-
fied. As shown in Fig. 8 (on the right), in the tension region an initial short plateau and then
a softening behaviour is shown when the strain reaches the value of £, =0.0002 according
to the model that was used to model the tensile behaviour of concrete (see Fig. 7).

2.1.3.2 Reinforcement constitutive law The classic explicit models for reinforcement
steel modelling are Giuffre and Pinto (1970), Menegotto and Pinto (1973), Monti and Nuti
(1991), and Monti and Nuti (1992). In the DIANA FEA material library, the Monti-Nuti,
the Menegotto-Pinto, and the Dodd-Restrepo constitutive laws were available for cyclic
loading. In this section, the applied constitutive law for reinforcement steel is presented and
discussed.

The Menegotto-Pinto model (shown in Fig. 9) was employed to represent the hysteretic
stress—strain behaviour of reinforcing steel elements of the existing frame and for the web
reinforcements of the FE model II and the dowels of the FE model I. This model is based
on isotropic plasticity, and it is a plasticity model for the cyclic behaviour of steel available
for embedded reinforcements (DIANA FEA BV 2019). The parameters that are necessary
to be specified are the yield stress, the elastic modulus, the hardening ratio, and the weight-
ing coefficient in the case of buckling. The yield stress of the existing frame reinforce-
ment was 400 MPa and the yield stress of the infill-wall web-reinforcement and dowels
was 450 MPa same as in the specimen of the SERFIN experiment. The material properties
that were defined for reinforcement bars in DIANA FEA are shown in Table 7.

The hysteretic behaviour of the steel model was examined in a 1D element (uniaxial)
that was in a plane stress element by applying compressive and tensile loads. In this way, it
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Fig. 8 Stress—strain diagrams derived from DIANA FEA for the applied concrete material

Fig.9 Stress—strain relationship
of the Menegotto-Pinto model
(Faur and Mircea 2012)
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was ensured that the applied material model presents the actual behaviour of reinforcement

steel under cyclic loading (see Fig. 10).

2.1.3.3 Dowels constitutive law A theoretical analysis of the resistance offered to a shear-
ing force applied to the projecting end of a bar embedded in concrete was published by
Timoshenko and Lessels in 1925. The bar was treated as a beam on an elastic foundation
so that the support reaction on the embedded length was proportional to the transverse
deflection. This approach was extended by others to the problem of dowel connections in
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Table 7 Reinforcement steel material model parameters defined in DIANA FEA

Linear elasticity Menegotto-Pinto
Young’s modulus (E) 200GPa Yield stress 400 MPa for
frame mem-
bers
450 MPa for
walls
Mass density 7800 kg/m’ Initial tangent slope ratio 0.05
Initial curvature parameter 20
Constant al 20
Constant a2 18.5
Constant a3 0.02
Constant a4 3
Fig. 10 Stress—strain diagram 600 550MPa

derived from DIANA FEA for
Menegotto-Pinto model

-0.02 -0.01¥ -0.01 0.015  0.02

Sxx (MPa)

550MPa -600

Fig. 11 Dowel action according

A
to Paulay et al. (1974) '
Yo, | 1] A%
Vo
Y
! Y
FLEXURE SHEAR KINKING

concrete road slabs and the criterion of failure was assumed to be the direct compressive
stress beneath the dowel bar at the face of concrete, the limit of which was considered to
the cylinder strength of concrete. Marcus (1951), however, found that in tests of dowel bars
embedded in concrete the average bearing stress at failure was often more than twice the
crushing strength, and suggested that the concrete criterion was the tensile strain causing
splitting of the concrete below the dowel (Bennett and Banerjee 1976).

The actual behaviour of dowels under shear is shown in Figs. 11 and 12. accord-
ing to (Paulay et al. 1974; Maitra et al. 2009). As explained earlier in this section, the
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Fig. 12 Bending moment diagram for a dowel bar (up) and shear force diagram for a dowel (down) (Maitra
et al. 2009)

application of dowels in DIANA was achieved through different modelling since the
frame was modelled with plane stress elements that do not take shear forces or moments.
So, for the dowels that were modelled to capture the shear stress in the FE model II, the
Menegotto-Pinto model was replaced with the Von-Mises plasticity model since the lat-
ter can also be applied to control both axial and shear stresses for cyclic loading of the
reinforcement, whereas the Menegotto-Pinto model is appropriate for the reinforcement
elements that can solely take axial loads. As a result, it can only control the tensile and
compressive stresses.
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Fig. 13 Shear force diagram of dowel at the interface in DIANA FEA
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Fig. 14 Moment diagram of dowel at the interface in DIANA FEA

For the verification of the dowel’s proper modelling in DIANA, a push-over test with
a beam and a wall with an interface between them and a dowel was executed. In this test,
the parameters of the Coulomb friction model that was applied at the interface (cohesion
and friction) were set to zero, and only the gap criterion was applied. Therefore, the dow-
els would take all the shear force that was applied. As it is shown in Figs. 13 and 14, the
expected moment and shear diagrams of dowels that were taken from the literature were
obtained in the finite element model and the dowels took the shear force that was applied
to the model. It is obvious that this model is close to reality and the expected moment and
shear force diagrams of dowels according to the literature were captured. More specifically,
in Figs. 13 and 14 it is shown that the maximum shear force and zero moments at the inter-
face are like the diagrams that are given in the literature.
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Table 8 Von-Mises plasticity model parameters defined in DIANA FEA

Linear elasticity

Von Mises plasticity nonlin- Bond-slip interface

ear model

Young’s modulus (E)—200GPa
Mass density—7800 kg/m?

Yield stress—450 MPa
No hardening function

Normal stiffness modulus — 2e11N/m’
Shear stiffness modulus — 2¢14N/m?

Bond-slip interface failure model —

Shima bond-slip function
Compression strength: 33 MPa
Diameter per bar: 20, 18, 16
Factor to shear-stress: 1

500 500
250 250
T 0 ) 0
E£-005 -004 003 -002 -001 0 001 E-005 -004 -003 002 -001 0 001
Z -250 Z 250
> >
% -500 5 -500
EXX EXX
(a) (b)

Fig. 15 Stress—strain diagram derived from DIANA FEA for Von-Mises plasticity model a reaching ulti-
mate compressive stress b reaching ultimate tensile stress

The Von-Mises plasticity model parameters are presented in Table 8 as defined in the
DIANA FE model. Also, the Von-Mises stress—strain diagram as specified in the DIANA
FE model is shown in Fig. 15.

2.1.3.4 Interface constitutive law As mentioned before, the new infill wall and the bound-
ing existing frame were constructed at different times and the actual actions of these areas
should be properly modelled in the FE model. Specifically, the interface area between the
new infill wall and the surrounding frame members should represent the cohesion and the
friction between the interfaces. In addition, the dowel action should be active at the interface
between the two members. The general concept of interface material modelling and the spe-
cific interface material model that was used from the DIANA FEA material library for the
FE model II are presented and discussed in this section.

In general, the behaviour of an interface between two parts of a structure is governed
by friction. This behaviour can be modelled with the Coulomb friction model. This model
was used to represent the cohesion and the friction between the interfaces in FE model II,
which at the same time provides the option of the gap criterion in the case of tensile stress
between the two interfaces. To achieve this aim, the brittle gapping model was applied with
very small tensile strength, in order to let the dowels carry the shear stresses at the inter-
face. The linear material properties of the Coulomb friction model were set through trials
to achieve the outcomes that were the closest to the results of the test specimen.

The Coulomb friction model is given by the yield surface and the plastic potential
surface given in DIANA FEA BV (2019), where tan (¢) is the friction coefficient (also
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Table 9 Coulomb friction model parameters defined in DIANA FEA

Linear material properties for “2D line interface” Coulomb friction Interface opening model
“Gapping model”
Normal stiffness modulus-y 2000 N/m? Cohesion-/e7Pa Tensile strength-/e-6 Pa
Shear stiffness modulus-x 2000 N/m® Friction angle-0.5 rad Mode-II shear (model
for gap appearance)—
Brittle

Dilatancy angle-0 rad

commonly known by the symbol ), and c the cohesion. It is important to mention that it is
possible to extend the friction criterion with a gap criterion, where DIANA supposed that
a gap arises if the tensile traction 7, normal to the interface exceeds a stated value. After
a gap formation, ¢, is immediately cut down to zero (brittle cracking). The full descrip-
tion and details of the Coulomb friction material model can be found in DIANA FEA BV
(2019). The Coulomb friction criterion material properties that were defined for the FE
model II are given in Table 9.

2.1.4 Loads

The loads that were applied in the FE model are presented in this section. The same values
of dead and live loads with the SERFIN prototype model were applied on the beams as
edge pressure load in the DIANA FEA model as is shown in Fig. 16. The earthquake signal
Herzeg Novi accelerogram of the Montenegro earthquake in 1979 was scaled to 0.25 g
acceleration and was applied as body force in the FE models for the base excitation with
the earthquake time history function (shown in Fig. 17).

Fig. 16 Gravity vertical load
applied in the FE model
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L Edittime dependent factors X
Loadset: Load combination 2
sae D
Time Factor A
1 0.005  -0.00188044

2 0.01 -0.00376087
4 0.02 0.00795653 0.10

5 0025 00105869
6 003 00132174

7 0035 0.01386% !

Factor

3 0.015 0.00209783 J

——

0.10
8 0.04 0.0145218 '

9, 0.045 0.0174239 s l
10 0,05 0.0203261
11 0,055 0.0232065
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13 0.065  0.0247826 A

Fig. 17 Base excitation with time history function (0.25 g) applied in the FE model

2.1.5 Analysis

The analysis procedure that was executed in DIANA FEA, iterative methods and the con-
vergence tolerance that were applied are discussed in this section. The analysis procedure
that was executed in DIANA FEA was a structural physically nonlinear analysis with
dynamic effects in order to execute the earthquake excitation load that was imposed.

The procedure of the completion of the nonlinear analysis was a time-consuming one,
requiring a large number of trial-and-error attempts in order to complete an entire nonlin-
ear transient analysis of the model. This was due to convergence issues that arose due to
the highly nonlinear nature of the problem in hand that required updating and fine-tuning
of the model parameters, and the tolerances of the convergence criteria.

Since the analysis that was executed in DIANA FEA was with transient effects, the con-
sistent mass and damping matrix were calculated during the analysis with the Newmark
time integration method (with Beta=0.25 and Gamma=0.5) in DIANA FEA. The Ray-
leigh damping a factor for the mass matrix and f factor for the stiffness matrix were calcu-
lated from the equations of the Rayleigh damping equation shown in Eq. 2. The Rayleigh
factors were calculated for {=0.25%, which is a small value, and this was chosen since the
SERFIN experiment was a PsD and not a dynamic test, therefore there is no contribution of
the velocity term of the dynamic equation during the test. To simulate this a small value of
damping was chosen for the analysis of the frame in which the velocity term is present. The
initial and the final frequencies of the SERFIN frame were used for the calculation of the
factors as F;=2.56 Hz and F;=99 Hz.

C=aM+ K 2

a=_C *(Zmi(oj/(@i"‘“’j))
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Top Storey Displacement results Top Storey Displacement results
Experimental Vs DIANA FEA model I Experimental Vs DIANA FEA model 11
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Fig. 18 Fourth storey displacements versus time (FE model I and II in left and right graphs, respectively)
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Fig. 19 Base shear force versus time (FE model I and II in left and right graphs, respectively)

B=Cx(2/(0+w)))

The iterative method that was applied for the equilibrium iteration for both FE models
was the secant (quasi-newton), which is an implicit algorithm iterative method applied in
addition to the line search method.

The convergence tolerance and time step that were applied for the two FE models were
not the same. For the first FE model, the convergence tolerance that was applied was 1%
for force and displacement. The time-step for the transient analysis was set to 0.005 s and
in total there were 3000 steps executed since the imposed earthquake load had a duration
of 15 s. For the second FE model, which was more demanding in analysis, the conver-
gence tolerance was 0.2% for both forces and displacements. The time-step for the transient
analysis was set to 0.002 s, so 7500 steps were executed for the completion of the analysis.
A very demanding analysis was necessary especially for the second FE model because of
the fine generated mesh, the nonlinear transient analysis procedures, the interfaces, and the
modelling of the dowels.
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Base Shear versus Top Storey Displacement Base Shear versus Top Storey Displacement
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Fig.20 Base shear force versus top-storey displacement (FE model I and II in left and right graphs, respec-
tively)
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Fig.21 Strain distribution on the ground floor bounding columns of the wall comparison between the
experimental and numerical results using model II
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Fig.22 Slip in the middle of the ground beam comparison between the experimental and numerical results
using model IT

3 Numerical calibration
In order to validate the FE model that was developed as explained in Sect. 2, the results

of the south wall of the SERFIN experiment were compared with the DIANA FE
model results. Initially, the first FE model (model I) was calibrated to capture the global
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Fig.23 The tensile stress of ‘ ‘

2.6 MPa at 6.4 s (maximum :
displacement of the frame in the

east direction) at the east column

of the frame

-

AR

experimental results, and then the second FE model (model II) was calibrated to capture
both the global behaviour of the structures and the local behaviour of dowels. The com-
parison of the experimental results and the numerical results for the two FE models that are
described in Sect. 2 is shown in Figs. 18, 19, 20, 21, 22 and 23.

3.1 Global results comparison

The response history of the top-storey displacements of the frame is compared in Fig. 18
and the response history of the base shear-force of the frame is compared in Fig. 19. More-
over, the top-storey displacement versus the base shear-force is compared in Fig. 20 in
order to examine energy absorption and stiffness degradation of the model.

From the FE models’ global results, it is apparent that both FE models are very close to
the experimental results. As shown in Figs. 18 and 19 the peak values are captured for both
the forces and the displacements, and it is clear that the FE models capture the frequency
of the actual structure. In addition, the stiffness degradation is captured very well (Fig. 20).
It is obvious that there is a good agreement between the real case study and numerical
results for both models despite the number of influencing factors regarding the simulation
and analysis, such as the type of elements, the mesh, the material models, the nonlinear
time-history analysis, the iteration methods, and the convergence criteria. Even though
model I captured the global monolithic behaviour of the real structure of the experiment
very closely, it was not able to capture the interaction of RC infills with the surrounding
frame, thus, the local results of the dowel action contribution at the interface could not be
obtained from this model. So, in order to be able to complement the experimental results
and to study the interaction between RC infills and bounding frame, both at the local and
global level, by reducing the number of dowels used, the simulated model II proved to be
suitable and reliable and was used to provide information for local results at any location
on the RC infill wall or the interface between the wall and the bounding frame members.
Model II simulated the RC infills and their interaction with the surrounding frame through
the wall-frame interface, the dowel action and the starter bars contribution at the inter-
face, while at the same time simulated well the global response of the full-scale SERFIN
specimen.
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3.2 Local results comparison

In this section, the local results that were taken from the SERFIN specimen are compared
with the numerical results obtained from model II. The strain distribution on the ground
floor columns of the wall (Fig. 21) and the slip displacement on the ground beam (Fig. 22)
are compared with the numerical results. Moreover, from the experimental results, the
main failures that occurred were the crack opening at the bottom of the column-wall on
both sides of the wall and the failure of the east column at the bottom (Poljansek et al.,
2014). These results are also compared with the DIANA FEA results in Fig. 23.

As shown in Figs. 21 and 22, the strain distribution on the bounding columns of the wall
at the ground floor were captured in the FE model, as well as the slip in the middle of the
ground beam of the wall. Also, the tensile forces in the outer column at the east side of the
frame were captured in the FE model as shown in Fig. 23, where the tensile stress of con-
crete was reached on the east side of the column.

4 Conclusions

It is obvious that there is a good agreement between the real case study and the results of
the 2D FE models, both model I and model II, despite the number of influencing factors
regarding the simulation and analysis. It is important to mention that a very good calibra-
tion of the model was necessary regarding the nonlinear analysis parameters and methods
and regarding the normal and shear stiffness modulus of the interface and bond-slip mate-
rial models in order to get these results. This is because there are no clear values for these
mechanisms since they are complicated, and their characteristics are difficult to measure in
actual tests.

It can be concluded that the aim of developing a reliable model of RC infills and its
interaction with the surrounding frame through the dowel action and starter bars contribu-
tion at the interface was achieved by the FE models presented in this paper, but in particu-
lar by model II, which was proved to be able to capture not only the global response as
did model I, but also the local response of the infilled frame. Consequently, this sophis-
ticated FE model, which fulfils the first action of this research, could be used to study the
configurations with a reduced number of dowels to complement the experimental results
and to study the interaction between RC infills and bounding frames both at the local and
global levels, and hence fulfil the second action of this research. This calibrated model was
used to perform a parametric study that covered a range between monolithic behaviour and
infilled frame, by varying the number of dowels connecting the wall to the bounding frame.
The results of this study, which will be presented in a subsequent publication, will contrib-
ute to the investigation of a general model for the application and the design of RC infills in
existing RC frames.
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