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Although in Europe, precast concrete buildings had been built for decades, their seismic
response was poorly understood, which is reflected in ambiguous code requirements and
conservative design approaches. Therefore, this structural systemwas themain focus of several
European research projects in the past 2 decades. The University of Ljubljana was actively
involved in these projects. The key results of the work performed at the University of Ljubljana are
presented and discussed in this paper. The main contributions include: a) the development of a
new capacity model of beam-column dowel connections, which are one of the critical parts of
the RCprecast structural system, b) new insight into the cyclic behaviour of fastening systems of
concrete cladding panels, and new design procedures for the estimation of strength and
displacement capacity of cladding fasteners, c) the development of a methodology for seismic
fragility analysis of RC precast buildings, and the fragility curves of precast RC building classes,
which can be used for the safety-calibration of the new design procedures of RC precast
buildings, and d) the development of a relatively simple and economically attractive back-up
(strengthening) system to prevent the falling of panels in case of a strong earthquake.
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INTRODUCTION

In Europe, precast industrial buildings most often consist of an assemblage of cantilever columns tied
together with beams. Before the early developments of European seismic codes, such systems
received relatively little attention from the earthquake engineering community compared to the cast-
in-place structures. This was reflected in limited knowledge about several aspects of the seismic
response of precast buildings, leading to a quite conservative approach for the design (Fischinger
et al., 2014). However, in the last 2 decades, several research projects (ECOLEADER, PRECAST,
SAFECAST and SAFECLADDING) provided plenty of experimental and analytical findings, which
resulted in the improvement of the design practice governed by the modified provisions in the
relevant chapter of current and future versions of Eurocode 8 (EN 1998-1:2004; prEN 1998-1-
2_SC8_04-09-2020).

A research team from the University of Ljubljana (UL) actively participated in these projects and
cooperated with large consortia of European Associations of precast producers, enterprises and research
institutions. The team contributed considerable work with an emphasis on the following subjects: inelastic
flexural response of slender cantilever columns, seismic behaviour of beam-to-column dowel connections,
seismic behaviour of cladding-to-structure connections, seismic fragility and seismic risk of precast industrial
buildings. All these research results offer an important knowledge base for adequate seismic design ofmodern
RC precast buildings. In this paper, recent work on the following four crucial topics will be summarized:
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• Cyclic response of beam-to-column dowel connections

One of the key elements in the RC precast structural system is
the beam-to-column connection. In Europe, amongmany different
solutions, the dowel beam-to-column connection is most
frequently used. In Beam-to-Column Dowel Connections Section,
an improved procedure for the estimation of the strength capacity
of such connections, published in Zoubek et al. (2015), is presented.

• Cyclic response of the typical fastening system of concrete
cladding panels

In L’Aquila (2009) and Emilia-Romagna (2012) earthquakes,
heavy damage on nonstructural components in RC precast
buildings was observed. Particularly vulnerable appeared to be
the concrete cladding panels and their connections with the main
structural system. Extensive research on typical cladding
fastening systems, performed at UL, followed (Zoubek et al.,
2013). Experiments and analysis of failure mechanisms of most
common beam-to-cladding connections are described in Typical
Fastening Systems of Concrete Cladding Panels Section.

• Fragility analysis of pre-code RC precast buildings

In order to assess the weaknesses of pre-code single-storey precast
buildings, fragility analysis was performed for four classes of such
buildings (Babič and Doľsek, 2016): without nonstructural elements,
with vertical cladding panels, with horizontal cladding panels andwith
masonry infills. The results of the analysis can serve to generalize the
observations stated in post-earthquake reconnaissance reports, such as
insufficient seismic behaviour of beam-to-column connections and
fastening systems of concrete cladding panels.

• Strengthening interventions for existing precast buildings
with cladding panels

Based on the field reconnaissance reports and recent research
(see also Typical Fastening Systems of Concrete Cladding Panels and

Seismic Fragility Analysis of Pre-Code RC Precast Buildings with the
Consideration of Nonstructural Elements Sections) it can be
concluded that improvements to precast buildings with cladding
panels are needed. At the UL, a relatively simple and economically
attractive strengthening system has been developed for this
purpose. The idea and design of the system are presented in
Strengthening Interventions for Existing Precast Buildings with
Cladding Panels Section.

BEAM-TO-COLUMN DOWEL
CONNECTIONS
Common Design Practice and Incomplete
Mechanical Models
The dowel connection is the most typical connection between
columns and beams in European precast design practice
(Figure 1). These connections can be subjected to the
following types of failure mechanisms (Supplementary Figure
S1): (A) local failure and (B) global failure.

In most cases, a local failure mechanism is ductile and will
usually take place if the distance between the dowel and the edge
is sufficiently large. However, when the dowel is positioned closer
to the column or beam edge, global failure occurs. In this case,
spalling of the concrete between the edge and the dowel is likely to
govern the resistance.

Local failure was the subject of several studies (Vintzeleou and
Tassios, 1986; Tanaka and Murakoshi, 2011; Zoubek et al., 2013;
Magliulo et al., 2014). Consequently, the knowledge has been
considerably more extensive in comparison to global failure,
where the related analytical and experimental studies were quite
limited (Vintzeleou and Tassios, 1986; Fuchs et al., 1995; Capozzi
et al., 2012; Psycharis and Mouzakis, 2012). Most of them were
carried out on quite simple specimens or models. The critical
contribution of the stirrups to the capacity of the dowel
connections, as well as to the type of failure, was neglected in
Vintzeleou and Tassios (1986), while it was only implicitly
considered in Fuchs et al. (1995). Therefore, the results of these

FIGURE 1 | Assembly schemes of typical beam-column dowel connections.
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studies cannot be directly applied to beam-to-column dowel
connection in RC precast buildings, as the stirrups around the
dowel typically have a substantial effect on the strength of the
connection and may shift the global failure from brittle to ductile.
The procedures suggested in the above-mentioned studies are in
most cases, very conservative, leading to unfeasible design solutions.

At the University of Ljubljana, both types of failure of dowel
connections were studied, with a particular emphasis on the
global type of failure. The procedure is summarized in A New
Approach for the Estimation of the Strength Capacity of Eccentric
Dowel Connections Section.

A New Approach for the Estimation of the
Strength Capacity of Eccentric Dowel
Connections
A dowel connection is susceptible to the spalling of the concrete
between the column or beam edge and the dowel when it is
positioned close to the edge of the concrete elements. If there are
no stirrups in the region around the dowel, brittle tensile failure
typically takes place (solid line in Figure 2). However, precast
elements are usually reinforced by very compact transverse
reinforcement in the critical region around the dowel. In this
case, reinforcement influences the stress field and changes the
failure type from brittle to ductile (Figure 2).

The diameter and spacing of the stirrups determine the
influence of the reinforcement on the strength of the
connection. If the precast elements are reinforced by a relatively
large number of stirrups, the strength is typically higher than the
concrete tensile strength. Consequently, the strength of the
connection increases after crack formation (Figure 2). However,
if the number of stirrups is low, the tensile strength of the concrete
can, of course, be higher than the strength of the transverse
reinforcement. In such situations, the strength of the connection
would be reduced after the concrete has cracked (Figure 2).

In order to estimate the capacity of dowel connections against
global failure, it has been assumed that the strength capacity is
mainly provided by transverse reinforcement—the contribution

of the concrete is not taken into account. The strength described
in this way, as already discussed, may be greater or smaller than
the strength given by the concrete’s tensile strength.

Considering the crucial role of stirrups, a different approach
was implemented from the studies described in Common Design
Practice and Incomplete Mechanical Models Section. As shown in
Figure 3, the stirrups were considered explicitly, employing a
strut and tie model.

Strut and tie models are already well established. In various
codes (ACI 318-08; NZS 3101), they have been widely used,
primarily to solve certain problems where the Bernoulli theorem
of linear distribution of strains cannot be applied. Strut and tie
models typically allow designers to choose how the load is
transferred, choosing a certain stirrup arrangement. This
arrangement determines an equivalent truss, where the tensile
stresses in the stirrups (ties) are in equilibrium with the
compressive stresses in the concrete (struts). These stresses
should be sustained by both the concrete and the reinforcement.

A FEM numerical model in ABAQUS (ABAQUS, 2011) was
developed based on the results of experiments to investigate the
stress distribution in dowel connections. It was presented in
Zoubek et al. (2013). The equivalent trusses corresponding to
different common dowel connection configurations were defined
using this model (Figure 3).

Typical configurations of the dowel connections are presented
in the first column of Figure 3. In the second column the
corresponding strut and tie model is illustrated. The calculated
stresses are shown in the third column. In the final column, a
closed expression for the estimation of strength is given. This
strength corresponds to the yielding of the first layer of
reinforcement. The local ductile failure mechanism is
connected to the complete utilization of the compression
struts, which is not considered in Figure 3.

Let us now analyze the capacities of the connections in more
detail on the simple example of a single dowel (Figure 3, CASE 1).
The equivalent truss consists of stirrups and two compression
diagonals (Figure 4). The compression diagonals are formed in
between the activated vertical corner bars and the dowel

FIGURE 2 | Force–displacement diagram of beam-column dowel connections with eccentrically placed dowel.
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FIGURE 3 | Calculation of the strength capacity of eccentric dowel connection, adopted from Zoubek et al. (2015).

FIGURE 4 | Strut and tie model for a connection with a single eccentric dowel and perimeter hoops [adopted from Zoubek et al. (2015)]

Frontiers in Built Environment | www.frontiersin.org March 2021 | Volume 7 | Article 6309524

Zoubek et al. Recent Advances. . .University of Ljubljana

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


(Figure 4). Considering the equilibrium in the dowel, the
compression forces C can be expressed as:

C � 0.5 F/sin α (1)

where α is the angle between the compression diagonal and the
legs of the stirrups which are perpendicular to the loading
direction and F is the force applied to the dowel.

Considering the equilibrium in the corner nodes, the tensile
forces which develop in the stirrups can be calculated as:

T1 � C sin α � F/2 (2)

T2 � C cos α � F/2/tan α (3)

The force F can thus be expressed as:

F � 2 T1 (4)

F � 2 T2 tan α (5)

If the dowel is positioned close to the edge of the concrete
element (i.e. α < π/4), yielding will take place in the legs of the
stirrups perpendicular to the loading direction. Thus, the strength
capacity can be calculated as:

Fmax � 2 T2 tan α � 2 As1fsy tan α (6)

whereAs1 is the cross-section of a single leg of the perimeter hoop,
and fsy is the steel yield strength of the steel.

If the distance between the edge and the dowel is greater (i.e. α >
π/4) yielding will take place in the leg of the stirrups parallel to the
direction of loading. The strength capacity can then be expressed as:

Fmax � 2 T1 � 2 As1fsy (7)

The critical region, where the spalling of the concrete is
typically observed, is spread along the dowel. Consequently,
more than one layer of stirrups may be engaged. The strength
of the connection is influenced by all of these stirrups. Based on
the experimental data and according to FEA (Zoubek et al., 2013),
it has been concluded that the length/height of the critical region
can be estimated as:

hcrit � 2.5 dd + c − a, (8)

where c is the distance between the dowel axis and the stirrup axis
and a is the vertical concrete cover of the outermost stirrup.

Taking into account the vertical distance s between the stirrups,
the number of the activated stirrups n can be determined as:

n � hcrit/s + 1 (9)

Finally, the strength capacity of the dowel connection Rd is
defined as themaximal force F applied to the dowel when yielding of
the first layer of stirrups takes place. It is assumed that the stresses in
the other stirrups decrease linearly. Considering the average stress in
the stirrups σavg, the resistance of all stirrups can be calculated as:

Rd � Rmax � 2 T2 tan α � 2 n As1 σavg tan α � n As1 fsy tan α (10)

if the dowel is positioned close to the edge of the section
(α ≤ π/4), and

Rd � Rmax � 2 T1 � 2 n As1 σavg � 2 n As1 fsy/2 � n As1 fsy (11)

if the dowel is positioned far from the stirrups (α ≥ π/4).
In Eqs 10, 11, n is the number of activated stirrups, fsy is the

yield strength of the steel, As1 is the cross-section of one stirrup’s
leg and α is the angle marked in Figure 4.

TYPICAL FASTENING SYSTEMS OF
CONCRETE CLADDING PANELS
Seismic Behaviour of Precast Buildings
With Cladding Panels
During the earthquakes in Emilia–Romagna in Italy in 2012, RC
precast buildings were amongst most vulnerable types of
structures. The damage was observed on structural as well as
on nonstructural components. Particularly vulnerable appeared to
be the cladding panels and their connections with the main
structural system (Figure 5). According to Bournas et al.
(2013), for example, the collapse of cladding panels was
observed in 75% of all precast buildings in the region.
Liberatore et al. (2013) reported significant damage to claddings
in 50% of 34 surveyed industrial buildings.Many authors (Ioannou
et al., 2012; Belleri et al., 2014; Magliulo et al., 2014) emphasized
that the cladding fastening systems were designed only for seismic
forces perpendicular to the plane of the panel, which are
proportional to the local mass of the panels, and for small out-

FIGURE 5 | (left) Collapse of concrete cladding panels, and (right) failure of a typical cladding-to-structure connection during the Emilia earthquakes [adopted from
Zoubek et al. (2016a)].
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of-plane horizontal loads (e.g. wind loads). At the time, the
common opinion was that their poor resistance to the
horizontal seismic loads in the plane of the panel was the
leading cause of the failure of the fasteners.

According to Belleri et al. (2015), Belleri et al. (2016), the high
flexibility of RC precast industrial buildings led to displacement
incompatibility between structural elements and concrete panels
in the panel plane, which caused many failures of cladding
fastening systems. The authors concluded that such systems
should possess adequate ductility to accommodate the seismic
displacement demand.

Taking into account the lessons learned from the L’Aquila and
Emilia earthquakes, the cladding panel connections typically
used in RC precast buildings in Europe have been analyzed
analytically and experimentally within European project
SAFECLADDING (2015). Vertical, as well as horizontal
panels, were addressed. The investigated connections were
mostly designed to be used in the non-seismic regions. Even
though a little was known about their seismic response, they were
extensively used in the seismic areas.

Based on the extensive experimental research, which is briefly
summarized in Experiments Section and thoroughly presented in
Zoubek et al. (2016a), the basic mechanisms of the seismic
response of typical panels’ connections between beams and
vertical panels were identified. Considering the observed
response, the appropriate numerical models, which can be
used in the design practice, were developed and the design
procedure, proposed. The estimation formulae for in-plane
strength and displacement capacity are given in Shear Strength
and Displacement capacity Section. Just recently results of
research on typical connections between horizontal cladding
panels and columns, also performed at the University of
Ljubljana, were published in Starešinič et al. (2020). However,
these findings are not included in this paper.

Experiments
The study carried out at the University of Ljubljana as part of the
SAFECLADDING project initially focused on the connections

that are most commonly used to attach vertical panels to precast
beams. Such connections consist of a special steel strap (a
hammer-head strap), a bolt, a washer, and two steel channels,
which are attached to the reinforcement bars before the elements
are cast. One of the channels is cast into the panel, while the other
is cast into the structural element. The strap is fastened to the
channel in the structural element by means of a bolt and a washer
(Figure 6). The head of the strap is finally fixed inside the steel
channel in the panel. In this way, a connection is created between
the structural element and the panel.

Within the scope of the study presented in Zoubek et al.
(2016a), 16 cyclic tests were performed on hammer-head
strap connections. In Supplementary Table S1 the complete
experimental programme is given. In general, the behaviour of
the connections in both in-plane directions was analyzed. Thus
the following three different types of tests were performed:

• Uniaxial sliding tests: The load was applied in the direction of the
vertical channel. Four such uniaxial tests were performed
(Figure 6).

• Uniaxial shear tests: The load was applied in the direction of
the horizontal channel. The hammer-head strap connection
was loaded in shear. A total of eight such tests were carried
out (4 with cold-formed and 4 with hot-rolled channels).

• Biaxial shear tests: To estimate the effect of out-of-plane force
on the in-plane behaviour of the investigated connections, a
constant out-of-plane force was simultaneously applied to the
panel. Four such tests were carried out.

Figure 7 shows the observed response of the investigated
connections with cold-formed channels subjected to a shear
loading. At low actuator forces (0.5–1 kN), the strap rotates around
the bolt, as shown in Figure 7 (see Stage 2). At some point (relative
displacement of approx. 2–3 cm) the head of the strap becomes stuck
inside the channel. Thus, the stiffness of the connection increases
abruptly (Stage 2 in Figure 7). Yielding occurs in the narrowpart of the
strap at a shear load of approx. 3 kN. Lastly, the strap fails due to
flexural failure in the narrow part (Stage 3 in Figure 7).

FIGURE 6 | Geometry (left) of the tested connection and (right) of the connection assembly, adopted from Zoubek et al. (2016a).
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If cold-formed channels were used instead of hot-rolled ones,
failure did not occur in the strap, but in the channel. However, the
recorded hysteretic loops look very similar.

In some tests, the gap between the panel and the beam closed
before the failure of the strap or of the channel. In these cases, the
recorded hysteretic behavior of the connection was considerably
different. The gap closed at large displacements. Consequently, the
friction between the panel and the beam led to an increase in
stiffness. However, the strength capacity of the connection itself was
not affected because the weakest link was still either the channel or
the hammer-head strap, which failed at the same shear force as when
the gap was not closed. The gap should therefore be large enough to
allow the displacement capacity of connections to be utilized.

Biaxial tests with a constant perpendicular force P┴ were also
conducted to determine the effect of an out-of-plane force on the
resistance of investigated connections. Even though the
mechanism of failure remained the same, the hysteresis
clearly show, that in the case of biaxial loading, a higher
stiffness can be observed. In these tests, the strap was stuck
within the channel already in its initial position. Consequently,
there was no sliding of the strap and the stiffness was greater.
Surprisingly, the maximal obtained shear force at the failure of
the biaxially loaded connections was higher than that recorded
in the uniaxial tests.

Shear Strength and Displacement Capacity
An analytical model of the tested connections was developed based
on the experimental results. Formulae have been proposed to define
the force-displacement envelopes. In this paper, the expressions are

presented in their final form and for cold-formed channels only. The
derivation of these expressions including the formulae for the hot-
rolled channels are given in Zoubek et al. (2016a).

Based on the equilibrium shown in Figure 8, the shear
strength can be expressed by the following equation:

Rmax � [duP⊥ + 1
2R

����������
1 − (du/L)2

√
(Rch − P⊥) + T0]/ �������

L2 − du
2

√
(12)

In Eq. 12, T0 is the tightening torque, which was estimated to
be equal to Mfr (Figure 8), R and L are the distances denoted in
Figure 8 (Stage 1), du is the ultimate displacement, Rch is the out-
of-plane resistance of the channel, which can be obtained from
the product specification, and P┴ is the out-of-plane force.
Equation 12 clearly explains how the shear resistance
increases with increasing out-of-plane force (see also
Experiments Section). It should be noted, however, that if the
force acts in the opposite direction, the resistance is reduced.

The ultimate displacement du can be calculated as a sum of the
displacement at which the strap gets stuck within the channel dgap
and the displacement dch due to the deformation of the channel:

du � dgap + dch � Lθgap + Lθch � L(θgap + θch), (13)

where θgap and θch are the corresponding rotations of the strap.While
the rotation θgap can be estimated on the basis of the geometry of the
strap and the channel, θch is relatively difficult to evaluate. When the
experimental results were compared to the calculated values, the
measured deformations of the channel were taken into account.

FIGURE 7 | Failure mechanism of the investigated connections, adopted from Zoubek et al. (2016a).
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SEISMIC FRAGILITY ANALYSIS OF
PRE-CODE RCPRECAST BUILDINGSWITH
THE CONSIDERATION OF
NONSTRUCTURAL ELEMENTS

Description of the Analyzed Buildings
A large part of existing RC precast buildings was designed and
constructed before the implementation of seismic codes. Apart
from the deficiencies that are common to all types of pre-code RC
buildings, such as the low amount of shear reinforcement, pre-code
precast buildings also exhibit other weaknesses. Probably the most
critical weakness of pre-code precast buildings is the inadequate
design and construction of beam-to-column connections, which in
many cases rely only on friction between the column and the beam.
Another weakness of such buildings is the lack of a rigid
diaphragm, which limits the ability of the structure to transfer
lateral loads imposed by the perimeter nonstructural elements to
the internal columns.

In this Section, seismic fragility analysis is summarized for
four classes of pre-code single-storey precast buildings (i.e. B, V,
H and M, Supplementary Table S2), which are described in
more detail elsewhere (Babič and Dolšek, 2016). The building
classes are defined by the statistical distribution of characteristics
of the load-bearing structure and nonstructural elements.
Characteristics of the load-bearing structure are the same for
all building classes, while those of the nonstructural elements vary
between the classes. Buildings in class B are without nonstructural
elements (bare frame buildings), while buildings in classes V, H
and M contain vertical precast panels, horizontal precast panels
and masonry infills, respectively (Supplementary Table S2).

The load-bearing structures were defined based on previous
studies (DOCUP, 2006; Casotto et al., 2015). These studies refer

to precast buildings in Northern Italy, which, however, are similar
to Slovenian precast buildings (e.g. Isaković et al., 2012). The
structures consist of cantilever columns, which support long
saddle beams covered by roof elements (Figure 9). The beam-
to-column connections contain no mechanical elements and rely
only on friction. The basic geometric and material parameters are
presented in Figure 9. The cross-sectional dimensions (equal to
50 cm) and longitudinal reinforcement ratios (with the mean and
the standard deviation equal to 1.13% and 0.22, respectively) of
the columns were determined based on the building code that was
in force at the time of the design (Casotto et al., 2015) and was
associated with a design lateral load equal to two per cent of the
buildings’ self-weight. A low transverse reinforcement ratio was
assumed in all parts of columns, resulting in a confinement
coefficient equal to 1.00.

The seismic response of the nonstructural elements (Figure 9)
is mostly dependent on their connections with the structure.
Vertical panels are attached to the beams at the top and restrained
by a foundation beam at the bottom. The top connection contains
the same type of fastenings, as described in Typical Fastening
Systems of Concrete Cladding Panels Section. On the other hand,
horizontal panels are attached to the columns. The connections at
the top of the panels contain a steel box element, which is
presented in more detail by Starešinič et al. (2020). However,
at the bottom, horizontal panels are supported by small corbels
that are installed into the columns. Furthermore, masonry infills
are placed between the columns. Their connection to the adjacent
structural elements relies only on friction, making the infills
susceptible to overturning. The uncertain characteristics of
nonstructural elements are assumed uniformly distributed.
Their minimum and maximum values are reported in Babič
and Dolšek (2016). However, the basic geometric and material

FIGURE 8 | The shear force transfer mechanism in the investigated connections, and the state of equilibrium just before failure, adopted from Zoubek et al. (2016a).

Frontiers in Built Environment | www.frontiersin.org March 2021 | Volume 7 | Article 6309528

Zoubek et al. Recent Advances. . .University of Ljubljana

https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


parameters are also presented in Figure 9, while the modeling
parameters are given later in Figure 10.

Numerical Models of the Analyzed Buildings
for Nonlinear Dynamic Analysis
For fragility analysis, a lumped plasticity model of precast
buildings was developed using OpenSees software (McKenna
and Fenves, 2010). The models were developed to be used in
non-linear dynamic analyses considering all three ground motion
components. In the case of the load-bearing structures, the same
modeling principles were applied for all building classes. The
models for building classes V, H and M, however, were expanded
to also include the nonstructural elements. A summary of the
models is provided in Load-Bearing Structure, Vertical and
Horizontal Panels and Masonry Infills Sections, while their
more detailed description can be found in Babič and Dolšek
(2016).

Load-Bearing Structure
The columns were modeled by one-component lumped
plasticity elements. At the base of each column, two

independent rotational springs were assigned (about both
principal directions) (spring A, Figure 10). The moment-
rotation relationship of the springs was defined according to
a previous study (Dolšek, 2010). Moreover, the beams were
modeled by elastic elements. At the ends of these elements,
nodal masses were applied to represent the mass of the
structure. The beam-to-column connections were modeled by
3D contact zero-length elements, which allowed to simulate the
support in the vertical direction as well as frictional forces in the
horizontal directions. The friction coefficient was determined
according to Magliulo et al. (2011), while no cohesion was
assigned. The impact between the beams and columns was
modeled by an elastic no-tension spring with an initial gap
(spring B, Figure 10). For the modeling of other elements at the
roof level, truss elements with elastic behaviour were used.

Vertical and Horizontal Panels
The effect of vertical panels was modeled by simulating only the
response of the fastenings, thus assuming that the deformations
in the panels are negligible in comparison to the displacement in
the fastenings (Supplementary Figure S2, top left). Fastenings
were modeled by several springs. Each spring connected the

FIGURE 9 | The configuration and basic characteristics of the load-bearing structures (top) and nonstructural elements (bottom). Some parameters are considered
constant, while others are uncertain. The uncertain parameters follow either the lognormal (LN), uniform (U) or discrete uniform (DU) distribution.

FIGURE 10 | The model of the load-bearing structure (left) and the force-displacement (moment-rotation) relationship of the non-linear elements employed in the
model (right).
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beams to the nodes that were fixed in the in-plane direction but
unrestrained in the out-of-plane direction. The response in the
in-plane direction (spring C, Supplementary Figure S2) was
modeled by three springs in parallel which were calibrated on the
basis of cyclic tests (Isaković et al., 2013). This included a perfectly
elastic-plastic spring and two elastic-plastic springs with an initial
gap. However, in the out-of-plane direction, the response of the
fastenings was modeled by an elastic spring (spring E,
Supplementary Figure S2). Half of the panels’ mass was
considered in the out-of-plane direction, assuming that the
other half is transferred directly to the foundation.

The horizontal panels were modeled by stiff elastic elements
(Supplementary Figure S2, top right). In order to model the
response of the bottom panel-to-column connections in the in-
plane direction, two elements in parallel were used. The first
element (i.e. a 3D contact element) was used to model the vertical
support and friction, while the second element (i.e. a multilinear
spring; spring F in Supplementary Figure S2) enabled to
simulate the impact between the panel and the column, which
occurs due to the limited length of the installation gap. In the out-
of-plane direction, a stiff elastic spring was employed to prevent
significant displacements between the panels and the columns.
However, at the top of each panel, several springs were used to
model the response of the fastenings. In the in-plane direction, a
combination of five springs in parallel was used consisting of a
perfectly elastic-plastic spring, and four elastic-plastic springs
with an initial gap (spring D, Supplementary Figure S2), while in
the out-of-plane direction, fastenings were modeled by an elastic
spring (spring E, Supplementary Figure S2). The mass of each
panel was lumped at its centre.

The potential failure of the fastenings installed in the vertical
and horizontal panels (either in the in-plane or out-of-plane
direction) was also modeled. The failure criteria were defined by
the ultimate displacements (Supplementary Figure S2), which
are described in more detail in Babič and Dolšek (2016). If any of
the failure criteria for a given fastening was met, the panel that
was attached by that fastening was removed from the model, so
that its impact on the seismic response of the building was
disregarded during the remaining part of the analysis.

Masonry Infills
A combination of stiff elastic elements and rigid constraints was
used to model the masonry infills (Supplementary Figure S3).
The masses of the infills were lumped at their centres. In the out-
of-plane direction, the rocking of the infills was enabled by
making use of elastic-no tension springs (spring G,
Supplementary Figure S3). Moreover, the connections
between the infills and the columns at the top were modeled
by 3D impact zero-length elements. These elements enabled to
simulate the friction in the out-of-plane direction as well as the
in-plane non-linear response of the infills. The friction was
modeled as in the case of the 3D contact zero-length elements
(Figure 10), while the in-plane response of the infills was
modeled by a bi-linear spring defined according to
Panagiotakos and Fardis (1996). The potential failure of the
infills was also considered. The failure criteria included the in-
plane failure (associated with the exceedance of the infills’ in-

plane strength) and out-of-plane failure (corresponding to the
out-of-plane rotation exceeding the overturning rotation). If any
of the failure criteria were met, the infill was immediately
removed from the model.

Methodology for Fragility Analysis of the
Investigated Building Classes
The methodology for fragility analysis was developed by Babič and
Dolšek (2016) as a part of the seismic stress test, which was
developed within the EU-funded project STREST. It is based on
the methodology proposed by Casotto et al. (2015), where the basis
for the seismic fragility analysis is a building class sample. The
sample of each building class consisted of 100 buildings. The load-
bearing structures were determined through simulated design
(Casotto et al., 2015) considering the variations in the geometric
and material properties. The sample values were obtained with the
Monte Carlo simulation, which was also used to generate a sample
of the nonstructural elements. A numerical model was then defined
for each building from the building class sample. The performance
of the sampled buildings was analyzed for 70 ground motions
adopted from Casotto et al. (2015).

In each simulation, two types of damage states, i.e. the
nonstructural and the structural damage state were
determined. The nonstructural damage was defined by one of
the four damage states, which corresponded to different portions
of the dislocated nonstructural elements:

• DS-0—no nonstructural element was dislocated.
• DS-1—at least one nonstructural element was dislocated.
• DS-2—at least half of the nonstructural elements were

dislocated.
• DS-3—all nonstructural elements were dislocated.

However, the structural damage was defined by one of the
three damage states:

• DS-NS—the structure suffered no or slight damage.
• DS-M—the structure suffered moderate damage, which

occurred if 1) the yield rotation was exceeded in at least
one column, or 2) the sliding was initiated in at least one
beam-to-column connection.

• DS-C—the structure collapsed, which occurred if 1) the rotation
in at least one column exceeded the ultimate rotation (EN 1998-
3:2005), or 2) the relative beam drift in at least one beam-to-
column connection exceeded the sliding capacity (i.e. the
distance from the edge of the beam to the edge of the corbel).

Dependency between the nonstructural and the structural
damage was accounted for by considering that all the
nonstructural elements were dislocated in the case of
structural collapse.

Based on data obtained with the simulations of seismic
performance, the percentages of sample buildings meeting the
designated damage states were determined for each ground
motion separately. The regression analysis was then carried
out to obtain the parameters of the fragility curves, i.e. the
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median seismic intensities corresponding to the onset of the
damage states and the associated logarithmic standard
deviations. As the intensity measure, the geometric mean of
the peak ground acceleration in horizontal directions was used.
In the regression analysis, lognormal distribution was assumed
for the fragility curves, and their parameters were estimated
by the maximum likelihood method (Baker, 2015). In
Figure 11A, simulation data and the corresponding fragility
curves are shown for two damage states, and building class V.
An illustration of all fragility curves for this building class is
presented in Figure 11B.

Results and Discussion
Fragility curves for nonstructural damage states depended on the
type of nonstructural elements (Supplementary Table S3). This
was most significant in the case of damage state DS-1, where ~ag
for buildings with vertical panels exceeded ~ag for buildings with
horizontal panels and masonry infills for approximately 250%
and 120%, respectively. However, the differences became smaller
as the degree of damage increased. In the case of damage state DS-
2, ~ag for building class V was 110% greater than ~ag for building
class H and 70% greater than ~ag for building class M. In the case
of DS-3, the differences further reduced to 34% and 20%,
respectively.

The type of nonstructural elements also impacted fragility
curves for the structural damage states (Supplementary Table
S3; Figure 11C). While the vertical panels had no significant
impact on moderate damage, the addition of the horizontal
panels and masonry infills reduced both ~ag and σ lnag . In the
case of horizontal panels, the fragility parameters were reduced
for approximately 10% and 30%, respectively, while the
reductions amounted to about 20% and 50% when
considering the masonry infills. Furthermore, in the case of
damage state DS-C, the addition of vertical panels and
masonry infills led to a small reduction of ~ag and a slight
increase of σ lnag . Both of these changes in fragility parameters

lead to a higher probability of collapse (Cornell, 1996).
However, the impact of horizontal panels was more
significant. Their inclusion in the structure decreased ~ag for
approximately 25% and increased σ lnag for about 100%.

The impact of nonstructural elements on the structural
fragility can be explained by the simulated seismic response of
buildings. From these simulations, it was observed that the largest
rotations in the plastic hinges of the columns occurred in
perimeter columns in buildings with horizontal panels. The
large rotations in this type of buildings can be attributed to
the inertial forces induced by the panels’ mass. In general, a part
of these inertial forces is transmitted directly to the foundations of
the perimeter columns, while the remaining part is transmitted to
other columns through the roof elements. However, the part of
the forces transmitted to the other columns can be only as large as
the strength of the beam-to-column connections. Because the
beam-to-column connections in the analyzed buildings rely solely
on friction, their strength is relatively low. Therefore, a large part
of the inertial forces induced by the panels was transmitted
directly to the foundation, which meant that these inertial
forces acted more locally than in the case of precast structures
with strong beam-to-column connections. This resulted not only
in the concentration of rotations in the perimeter columns but
also in the increase of displacements in the perimeter beam-to-
column connections. Moreover, it was observed that masonry
infills increased the stiffness in the in-plane direction and thus
reduced the rotations at the bases of the columns. However, this
increased the demand in the beam-to-column connections at the
perimeter. Consequently, relative displacements in the beam-to-
column connections of the precast buildings with masonry infills
were larger than those observed in the bare frame buildings.
Lastly, the vertical panels impacted the seismic response mostly
with their mass. In this case, the panels-induced inertial forces
acted on the structure above the beam-to-column connection,
which increased the displacements in the connections, but had a
small effect on the rotations in the columns.

FIGURE 11 | (A)Ratios of buildings from building class H exceeding DS-1 andDS-Cwith the corresponding fragility curves, (B) all fragility curves of building class V,
and (C) fragility parameters (median and logarithmic standard deviation) of buildings classes V, H and M normalized to the fragility parameters of building class B.
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The results of the fragility analysis were used in the seismic
risk evaluation of pre-code RC precast buildings in Tuscany,
Italy (Pitilakis et al., 2018). It was found that the seismic risk
was too high, which signals the importance of strengthening
interventions for this type of buildings. The results, discussed
above, showed that the strengthening interventions should be
focused on improving the seismic behaviour of the
connections between the precast elements. This includes
strengthening of the beam-to-column connections and
increasing the in-plane stiffness of the connections between
the roof elements. However, it also encompasses the
strengthening of the connections between the structural and
nonstructural elements and/or reducing the damaging
consequences of the failure of such connections. For this
reason, special seismic restrainers were developed at the
University of Ljubljana, which help to prevent the cladding
panels from causing damage after their dislocation from the
structure. The seismic restrainers are presented in
Strengthening Interventions for Existing Precast Buildings
with Cladding Panels Section.

STRENGTHENING INTERVENTIONS FOR
EXISTING PRECAST BUILDINGS WITH
CLADDING PANELS
Seismic Restrainers
Based on the field reconnaissance reports and relevant research
(see also Typical Fastening Systems of Concrete Cladding Panels
and Seismic Fragility Analysis of Pre-Code RC Precast Buildings
with the Consideration of Nonstructural Elements Sections) it can
be assumed that improvements to RC precast structures with
concrete cladding panels and the design of new connection types
are needed. Withing the framework of the SAFECLADDING
project (2015) several advanced solutions have been developed.
However, the research was not limited to new types of fastening
systems, but also concentrated on the protection of the existing
RC precast structures. For instance, an economically appealing
and simple strengthening device (seismic restrainer) has been
developed at the University of Ljubljana (Figure 12), which was

first described in Zoubek et al. (2016b). Its use is not limited only
to existing precast buildings. It could also be used to prevent the
falling of panels in new structures.

The concept of restrainers in seismic engineering is not an
entirely new one. In the 1971 San Fernando earthquake in
California, several simply supported multi-span bridges
collapsed due to the excessive displacements which took place at
supports and expansion joints (Randall et al., 1999). In order to
limit the risk of superstructure unseating, the California
Department of Transportation (CALTRANS) has since installed
seismic restrainers in bridges (Randall et al., 1999). In Northern
America commonly used restrainers connect girders to the bent
cap. In 1999 Randall et al. published an extensive study on design
procedures for such restrainer systems. The available literature
contains many other related works by different authors (e.g. Saiidi
et al., 2001; DesRoches et al., 2003; Hayashikawa et al., 2006). In
these studies, a large part of effort was dedicated to the development
of design rules. Unfortunately, the outcomes of these studies do not
directly apply to RC precast buildings, where the restrainers would
be activated upon the failure of the primary cladding-to structures
fastening system, when considerable relative displacement between
the structure and the panel is developed. Seismic restrainers in
bridges are activated already at small longitudinal movements of
the superstructure to prevent its unseating. In short, initial and
boundary conditions are significantly different. New design
procedures for the estimation of forces in restrainers in precast
structures are therefore needed. These are summarized in the
following sections.

Development of Restrainers for Cladding in
Precast Structures
To protect the concrete cladding panels in case of a an
earthquake, a back-up fastening system is proposed. The
system is based on the use of a synthetic fiber rope or steel
restrainer (Figure 12). Due to the limited distance between the
panels and the bare frame in RC precast buildings, the rope would
be normally rather short (less than 70 cm). The distance between
the main structural systems and the concrete panels in precast
buildings is normally limited. Therofore the length of the ropes/

FIGURE 12 | A scheme of a restrainer system as a strengthening solution for the protection of cladding panels upon the failure of the primary cladding-to-structure
connections [adapted from Zoubek et al. (2016b)].
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restrainers would be relatively short (up to 100 cm). They are
designed to be long enough to be triggered only in the case of
failure of the primary cladding-to-structure connections occur
and should not attach the panels to the structure. Therefore, they
should have no influence on the response of a structure and
panels as long as the primary cladding-to-structure connections
are in operation.

As described in Zoubek et al. (2016b), the ropes/restrainers
are connected to angular and omega steel profiles which are
fastened to the panels and structural elements. The ropes are
anchored in the profiles by means of resin-potted or swaged
terminations. The gap between the panels and RC precast beams
with realistic dimensions of the elements is illustrated in
Figure 12. It is important that all system components
presented here should be designed to withstand the expected
seismic loads. At the University of Ljubljana, tensile tests on
steel wire ropes with different swaged end terminations and
synthetic fiber ropes with resin-potted terminations were
performed (Isaković et al., 2015). In Supplementary Table
S4, all tested combinations are given. Three 8–12 mm steel
wire ropes and four different 8 mm synthetic fiber ropes were
loaded in tension until failure. Supplementary Figure S4 shows
the recorded stiffness and strength. Failure of the restrainer
occurred, in most of the tests, due to the insufficient strength of
the rope termination.

The tests described above were performed on the restrainers
attached to the T and omega profiles (as shown in Figure 12),
which were fixed to the actuators. The anchors used for fixing the
profiles to concrete elements were not investigated. Their
performance was examined in the Slovenian national project
Seismic Resilience and Strengthening of Precast Industrial
Buildings with Concrete Claddings. However, the results of
this research are not presented in this paper. Withing the
framework of the above-mentioned project, also full-scale
shaking table tests on a RC precast structure with concrete
cladding panels were performed.

Seismic Demand on a Restrainer
Restrainers used to prevent the falling of concrete cladding
panels are triggered for time periods of about 0.1 s [for a detailed
analysis see Zoubek et al. (2016b)]. The dynamic behaviour of
the panels and the primary structure at the time of their
activation is relatively complicated. In this paper some
equations derived in Zoubek et al. (2016b) are given which
can be used to estimate the maximum expected impact forces in
a restrainer system. It is important to note that they can be
applied only in the case of short restrainers (Figure 13, left).
When long restrainers are used (Figure 13, right), higher
maximum forces may occur due to the additional angular
acceleration of the panel induced by gravity G. In this second
cases, it would be therefore important to take into account the
P-Δ effect. If the influence of the P-Δ effect can be neglected, the
dynamic response of the system can be described with
acceptable accuracy by employing a relatively simple
analytical model defined in Figure 14.

As demonstrated in Figure 14, the equilibrium of forces acting
on the system can be written as

fD + fE + fI � 0 (14)

where fD is the damping force, fE is the force in the restrainers, and
fI is the inertial force of the panel.

The inertial force fI can be calculated as the product of the
panel mass per restrainer mp and the panel acceleration in the
direction perpendicular to the panel plane üp [Figure 13 (left)]:

fI � mp €up (15)

By applying Hooke’s law the force in the restrainer fE can be
simply calculated:

fE � kres €ur (16)

where kres is the restrainer stiffness and ur is the relative
displacement equal to the deformation of the restrainer.

FIGURE 13 | (A): Small inclination of the panel in the case of short restrainers—the P–Δ effect is negligible. (B): Significant inclination of the panel in the case of long
restrainers—the P–Δ effect should be taken into account [adopted from Zoubek et al. (2016b)].
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If the damping of the secondary system does not have any
considerable effect on the tensile forces in the restrainers, one can
assume fD � 0. The simplification is reasonable while a relatively
small amount of mechanical energy can be converted through
damping in a short period of time when the restrainers are
triggered (Fajfar, 1984).

Considering Eqs 15, 16 and assuming fD � 0, Eq. 14 takes the
following form:

mp €up + kresur � 0 (17)

Let us now express the relative acceleration ür as the difference
between the absolute acceleration of the structure üs and the
absolute acceleration of the panel üp:

€up − €us � €ur (18)

Taking into account the relationship defined in (18), Eq. 17
can be rewritten as follows:

mp €ur + kresur � −mp €us (19)

The solution of Eq. 19 can be written as:

ur(t) � A sin(ωt) + B cos(ωt) + f0/kres (20)

Where

ω �
���
kres
mp

√
(21)

f0 � −mp €us (22)

While the oscillation period of the main structure is probably
approx. ten times longer than the impact duration (Zoubek et al.,

2016b), it can be assumed that the acceleration of the main
structure (beam) üs � as is invariant during the time when the
restrainer is triggered. Therefore, f0 can also be considered constant.
This assumption is confirmed in Zoubek et al. (2016b), based on the
results of the performed non-linear time history analysis.

The constants A and B in Eq. 20 can be calculated by
considering the initial conditions just before the impact:

ur(0) � 0, _ur(0) � vr0 (23)

The coeffcients A and B are thus equal to:

A � vr0
ω
, B � −f0/kres (24)

Taking into account Eqs 20, 24 the relative displacement ur
can be expressed as:

ur � vr0
ω

sin(ωt) + f0/kres(1 − cos(ωt)) (25)

The tensile force in the restrainer can be evaluated as:

Fres � kresur � vr0
�����
mpkres

√
sin(ωt) + f0(1 − cos(ωt)) (26)

Function given in Eq. 26 has a maximum:

Fmax
res � f0⎛⎜⎜⎜⎝1 − f0�������

f0
2 + fv

2
√ ⎞⎟⎟⎟⎠ + fv

����������
1 − f0

2

f0
2 + fv

2

√
(27)

where fv �
�����
kresmp

√
vr0.

The stiffness kres can be measured or obtained from the
technical specification of the used product. The stiffness of
the synthetic fiber ropes tested at the University of Ljubljana
was approx. 2MN/m (Isaković et al., 2015). By taking into
account the number of installed restrainers, the
corresponding panel mass per restrainer mp can be estimated.
In contrast to these two variables, the estimation of the
acceleration of the main structure during the activation of
the restrainer as and of the relative velocity between the
structure and the panel at the beginning of the activation of
the restrainer vr0 are obviously not trivial tasks. In Figure 15,
where the results of the non-linear time history analysis and the

FIGURE 14 | A mathematical model used to calculate the maximum
forces in a restrainer system: €up, _up, and up are the acceleration, velocity and
displacement of the panel at the level of the restrainer, and fD, fE and fI are the
damping, internal and inertial forces.

FIGURE 15 | The match between the maximal forces in a restrainer obtained by using the proposed analytical expression and the results of the response history
analysis (RHA).
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estimations calculated with the proposed formula are compared,
the velocity vr0 is taken from the results of the performed
numerical analysis. The acceleration as is simply evaluated
from the Eurocode 8 (EN 1998-1:2004) response spectrum.

The results from response history analysis, presented in Zoubek
et al. (2016b), were compared with the results obtained with the
proposed analytical expressions. The comparison was made for
varying panel masses, natural periods of the main structural
system and restrainer stiffnesses. Since there are two restrainers
per panel, 1/4 of the whole panel mass was taken as a corresponding
massmp. The relative velocity vr0was calculated as the product of the
ratio _ur,max/ _us,max , obtained from the response history analysis and
presented in Zoubek et al. (2016b) and the maximum velocity of the
primary structure _us,max , estimated as the spectral velocity Sv(Tps).
Sv(Tps) was calculated using the Eurocode 8 (EN 1998-1:2004) design
spectrum:

Sv(Tps) � Sa(Tps)Tps

2π
, (28)

where Sa(Tps) is the spectral acceleration to the period Tps.
The acceleration of the main structure as, was also calculated

as the spectral acceleration Sa(Tps) according to the EC8 (EN
1998-1:2004) design acceleration spectrum:

as � Sa(Tps) (29)

The match between the results obtained by using the proposed
analytical formula (blue lines) and the numerically obtained results
(black lines), as reported in Zoubek et al. (2016b), is illustrated in
Figure 15. The graphs show relatively good agreement between the
results, regardless of the period of vibration of themain structure Tps,
restrainer stiffness kres or the panel mass.

CONCLUSION

In the last 2 decades, seismic response of RC precast buildings has
been the subject of intense research, supported by European
research programmes and precast producers. The University of
Ljubljana contributed considerable experimental and analytical
work. In this paper, only a few of the most important results and
findings from the last few years are gathered and briefly
presented. The main contributions include:

• Development of the new capacity model of beam-column
dowel connections, which are one of the key parts of RC
precast structural system. Most importantly, the new model
explicitly considers the contribution of stirrups in the critical
region around the dowel, where precast elements are typically
reinforced by quite compact transverse reinforcement.

• The new insight into the cyclic behaviour of fastening systems
of concrete cladding panels and new design procedures for
the estimation of strength and displacement capacity of
cladding fasteners. This knowledge represents a basis for
the adequate design of the cladding fasteners, which can
prevent the failure of concrete cladding panels and further

prevent human casualties and enormous financial losses due
to the terminated services.

• Development of a methodology for seismic fragility analysis
of RC precast buildings, and the fragility curves of precast
RC building classes, which can be used for performing
seismic stress test of portfolio of RC precast buildings
and for the safety-calibration of the new design
procedures of RC precast buildings.

• Development of a relatively simple and economically
attractive back-up (strengthening) system to prevent
the falling of panels in case of a strong earthquake.
The system is based on the use of a loose steel or
synthetic fiber rope restrainer. In order to measure
their resistance to shock loading, several tensile tests in
varying configurations were performed. Furthermore,
analytical formulae for the estimation of the seismic
demand have been proposed.
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