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Abstract

Fragility curves for six classes of precast buildings are presented. Only the type of non-structural components was varied in
order to define different variants of investigated building classes. Precast buildings without non-structural components
represented a base case of investigation. In addition, one building class with vertical panels, one with masonry infills and
three building classes with horizontal panels were defined, each with a different type of panel-to-structure connections.
Each building class was represented by a sample of 100 buildings. For each building a simplified three dimensional
numerical model was built, in order to perform a large number of non-linear dynamic analyses, but still capable to account
for phenomena such as panel-to-structure interaction, infill-to-structure interaction, sliding of the unrestrained elements and
accounting for the non-structural components only until the point of their dislocation. Based on the simulations, fragility
curves for three non-structural damage states and two structural damage states were developed. It can be observed that the
type of the non-structural components had a detrimental impact on all levels of damage, including structural collapse. In
addition, the effect of non-structural components is illustrated using an example of a non-linear dynamic analysis. It is
shown that the mass of non-structural components had in most investigated cases detrimental effect on damage, whereas the
effect of increased stiffness proved to be more unfavourable if the non-structural components are attached to the structure
below the beam-to-column connection rather than above it.

Keywords: fragility analysis; precast buildings; friction connection; non-structural components; nonlinear dynamic
analysis

1. Introduction

Single-storey RC precast buildings are among the most common types of industrial buildings in southern and
central Europe. Their structures consist of cantilever columns connected at the top by a roof, which is essentially
an assembly of precast components. For their fagades, horizontal and vertical precast panels and masonry infill
walls are most commonly used. These components are considered to be non-structural.

Vulnerability of these type of buildings was revealed several times, most recently during the L’Aquila
(2009) and Emilia-Romagna (2012) earthquakes, when many precast buildings, which had been built in the last
decades, partly or totally collapsed (Fig. 1). Studies, which have been performed after these events [1-3],
highlighted extensive rotations of the columns and insufficient shear capacity of the beam-to-column
connections as the most frequent sources of damage. According to these studies, the former occurred due to large
flexibility of the structures, whereas the latter resulted from insufficient design of the connections, which in
many cases relied only on friction between the column and the beam.

Damage to horizontal and vertical panels and masonry infills has been discussed by several researchers [1-
5]. The poor performance of the panels was contributed by the insufficiently designed fastenings, i.e. steel
devices, which are provided at the top of the panels in order to prevent them from overturning. More
specifically, they were found to be inadequate to withstand the relative displacements between the panels and the
structure, leading to the in-plane failure of the panels [1-3]. Moreover, out-of-plane failures of fastenings due to
inertial forces perpendicular to the plane of the panels were also reported [3]. In the case of masonry infills, the
most frequently observed damage was associated with the infills simply overturning [4, 5], which was attributed
to the poor connection with the adjacent beams. In many cases there was no connection at all due to a continuous
window at the top of the infill. The Emilia earthquake also revealed that the impact of panels and infills on the
overall performance of structures had often been underestimated in the design. Recent studies have confirmed



16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

this observation. According to Bournas et al. [3] only the mass of the panels was considered in the current Italian
design practice, whereas the increase in structural stiffness was overlooked, which led to unrealistically high
periods and consequently to underestimated design seismic forces. Colombo et al. [6] showed that consideration
of the panels is essential if one wants to properly assess the seismic response of precast structures. Ercolino et al.
[7] observed reductions in the first vibration period of up to 80 % when the panels were taken into account.
Belleri et al. [8] found that configuration of panels affected the vulnerability assessment and retrofit strategies.

Fig. 1 —a) Dislocation of precast vertical panels, and b) collapse of a precast RC building due to the 2012
earthquakes in the Emilia Romagna region.

Although seismic fragility analysis is a well-established method of vulnerability assessment of various
classes of buildings, the number of studies which have addressed the seismic fragility of single-storey precast
buildings is quite limited. Senel and Kayhan [9] investigated the fragility of typical Turkish precast buildings,
whereas Casotto et al. [10] calculated fragility functions for different classes of Italian precast buildings. In these
studies, the effect of non-structural components was not taken into account. Korkmaz and Karahan [11]
determined fragility functions for precast buildings in Turkey considering the presence of masonry infills.
However, only in-plane failure of the infills was taken into account. Babi¢ and Dolsek [12] developed fragility
functions of twelve classes of precast building, which contained bare-frame buildings as well as buildings with
vertical panels, buildings with horizontal precast panels and building with masonry infills.

In this paper, six building classes, which were investigated by Babi¢ and Dolsek [12], are addressed with
an emphasis to provide an insight of the effect the non-structural components on the fragility curves. Firstly, the
investigated building classes and their basic characteristics are presented. This is followed by the description of
the corresponding numerical models. Then the methodology of development of fragility curves, which was
originally proposed in [10] and modified in [12], is briefly described. The results of the fragility analysis are then
presented. Firstly, by comparing the parameters of fragility curves of six building classes and for five damage
states, and secondly, by an illustrative example of a non-linear dynamic analysis, which explains the phenomena
caused by the presence of the non-structural components.

2. Investigated building classes

Six classes of single-storey precast buildings were investigated (Table 1). All the building classes had the same
load-bearing structure, but contained different type of non-structural components. Buildings without non-
structural components, buildings with vertical panels and buildings with masonry infills were each represented
by one building class, whereas three building classes of buildings with horizontal panels were defined, each with
a different type of fastenings, which are essentially steel devices provided at the top of the panels, in order to
prevent them from overturning. Basic information about the investigated building classes is given in the
following, while more details are given in previous studies [10, 12].
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Table 1 — Definition of considered classes of precast buildings

Building class  Non-structural components  Fastening

1 None /
2 Vertical panels A
3 Horizontal panels A
4 Horizontal panels B
5 Horizontal panels C
6 Masonry infills None

The load-bearing structures consist of cantilever columns, which support long saddle beams covered by
roof elements (Fig. 2a). The beam-to-column connections contain no mechanical elements and rely only on
friction. The basic geometrical parameters are presented in Table 2. The cross-sectional heights (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 on the basis of the building code which was in force at the time of
the design [10] and was associated with a design lateral load equal to two percent of the buildings' self-weight.
The values of the mechanical characteristics of the materials prescribed in the design are given in Table 3. A low
transverse reinforcement ratio was assumed in all parts of columns, resulting in a confinement coefficient equal
to 1.00. Furthermore, the differences between the actual material properties used in the modelling (Section 3)
and the design values indicated in the codes were accounted for by making use of overstrength factors as
described in [10].

Windows (in all bays in the Y direction):

0|0|o|o | B

Doors (in the second bay in the X direction):

a) b) c) d)

Fig. 2 — a) Structural configuration of investigated buildings, b) location of windows and doors in vertical panels,
c) location of windows and doors in horizontal panels, and d) location of windows and doors in masonry infills.

The vertical and horizontal precast panels are attached to the beams and columns, respectively [13]. At the
bottom, the vertical panels are restrained by a foundation beam, whereas the horizontal panels are placed on
vertical supports, which are fixed to the columns [13]. The corbels prevent vertical and out-of-plane horizontal
displacements, but permit a certain level of in-plane horizontal drift due to a gap, which is provided for the
installation of the panels. At the top of both the vertical and the horizontal panels, fastenings are provided. In the
case of the vertical panels, fastening A is used, consisting of a hammer-head strap, which connects the steel
channels, which are embedded in the panel, to the supporting structural element. In the case of the horizontal
panels, fastenings B and C are used in addition to the fastening A. They contain a steel angle element and a steel
box element, respectively. In one direction (frames in the X direction) doors were considered by taking out two
panels in the second bay (Figs. 2b and 2¢). In the other direction (frames in the Y direction) windows were
considered by reducing the mass of the panels. In the case of horizontal panels, only the bottom panel was
considered to have windows. Furthermore, masonry infills are situated between the columns and have poor
connections with the adjacent beams. No out-of-plane restraints are provided. In one direction (the frames in the
X direction) doors of a constant height and a varying length were considered. In the other direction (frames in
the Y direction) windows reaching from column to column were considered in each bay (Fig. 2d). In Table 4
distributions of the non-structural components’ random parameters are presented.
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Table 2 — Geometric parameters of buildings. & and g represent the median and the standard deviation in the log
domain, respectively, describing the beam length (Leam), the distance between portals (Lintercor), @and the column
height (Ho). The length (Lcomer) and height (heormer) Of the corbels are given as a function of the beam length
[10].

Parameter
Lbeam [M] Lognormal distribution (6 = 14.9; 5 = 0.3)
Lintercol [M] Lognormal distribution (6 = 6.8; 8 = 0.28)

Heor [M] Lognormal distribution (6 = 6.5; 8 = 0.25)
Lpeam <18 m 0.25
Lcorbe| [m] 18 m < Lbeam < 25 m 0.35
Lyeam > 25 M 0.45
Lpeam <18 m 0.35
hcorbe| [m] 18 m < Lbeam < 25 m 0.45
Lyeam > 25 mM 0.55

Table 3 — Uniformly distributed values of characteristic concrete compressive strength (Rcx) and characteristic
yield strength of the reinforcement (fy) used in the design of buildings [10].

Parameter
Rek [MPa] 35, 40, 45, 50
fs [MPa] 320 (smooth), 380 (ribbed)

Table 4 — Minimum and maximum values of the uniformly distributed parameters of the non-structural
components — combined thickness of the concrete layers in the vertical and horizontal panels (taer), the fraction
of glazed area in the vertical panels in the Y direction (Agjazed veriical), the fraction of glazed area in the bottom
horizontal panel in the Y direction (Agiazed norizontat), the thickness of the masonry infills (tin), the volumetric
weight of the masonry infills (yinsin), window height in the buildings with masonry infills (hyingow), and door
length in the buildings with masonry infills (Lgoor) [12].

Parameter Min  Max Reference

toaner [CMT] 16 18 [13]

A giazed vertical [%0] 75 20  [14], Field inspections®
A glazed horizontat [%0] 50 90  [14], Field inspections®
tinsin [CM] 20 30 [15]

Vinsin [KN/mM?] 136 144 [16, 17]

Nwindow [M] 1 2 Field inspections®

L door [M] 2 4 Field inspections®

3. Numerical models of precast buildings for non-linear dynamic analysis

A lumped plasticity model, as presented in [12], was developed for each building using OpenSees software [18].
The principles which were applied when modelling the load-bearing structures (Fig. 3) were the same in the case
of all of the investigated building classes. In the case of building classes which included non-structural
components (Table 1) additional elements were added to the model of load-bearing structure. A summary of the

! Data obtained on the basis of field inspections by the authors of the paper.
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deséription of models is provided in Sections 3.1, 3.2 and 3.3. For more details on the numerical models a reader

is referred to [12].

The seismic response of the investigated buildings was simulated by nonlinear dynamic analysis taking
into account the X, Y and Z components of the ground motions. The coefficients of the model of Rayleigh
damping were estimated from the vibration periods, which corresponded to the secant stiffness associated with
yielding of the columns, by assuming a 2% damping ratio. The P-A effect was also taken into account.
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Fig. 3 — Schematic illustration of a section of a model of the load-bearing structure with the force-displacement
(moment-rotation) relationship of the non-linear elements used in the model.

3.1 Load-bearing structures

The columns were modelled by one component lumped plasticity elements with two independent rotational
springs (about the X and Y directions) which were located at the base of the columns (spring A, Fig. 3). Each
spring was defined by a four-linear moment-rotation relationship according to previous studies [12, 19]. Elastic
elements were used for the beams with concentrated masses at their endpoints. The frictional connections
between the beams and columns were modelled by a 3D contact zero-length element. The friction coefficient
was determined according to [20], whereas no cohesion was assigned. The effect of beam-to-column impact was
simulated by an elastic no-tension spring with an initial gap (spring B in Fig. 3), which was modelled in parallel
with the 3D contact zero-length element. The effect of the lateral beams and roof elements was modelled by
truss elements, which were assumed to be elastic and pinned to the beam.

3.2 Vertical and horizontal panels

The effect of vertical panels was modelled by simulating only the response of the fastenings (Fig. 4, top left). In
this case, only fastenings A were considered. Fastenings of one half of the panels in a bay were modelled by two
independent springs (C and D, Fig. 4), connecting beams to nodes, which were fixed in the in-plane (i.e. parallel
to the plane of the panels) direction. The first spring was modelled in the in-plane direction and was defined on
the basis of cyclic tests [21] by three springs in parallel, i.e. an elastic perfectly plastic spring, and two elasto-
plastic springs with an initial gap [12, 22]. The second spring was modelled in the out-of-plane (i.e.
perpendicular to the plane of the panels) direction and was considered elastic. Moreover, in the out-of-plane
direction, one half of the mass of the panels was assigned, the other one being transferred directly to the ground.
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Fig. 4 — Schematic illustrations of sections of models of the building with vertical panels (top left) and the
building with horizontal panels (top right) with the force-displacement relationship of the non-linear elements
used in the models. Some parameters of the non-linear elements are considered constant, whereas others are
uniformly or normally distributed.

The horizontal panels were modelled by elastic elements with high stiffness, which were attached to the
columns (Fig. 4, top right). A mass was assigned to the centre of each panel. The connections at the bottom of
the panels were modelled by two elements connected in parallel, i.e. by a 3D contact zero-length element, which
was used to simulate the vertical support and the friction, and a multilinear spring whose purpose was to
simulate the impact of the panel in the in-plane direction (spring E, Fig. 4). At the top of each panel, the
fastenings were modelled by two independent springs. All three types of fastenings were considered in this case.
In the in-plane direction, fastenings A were modelled in the same way as in the case of the vertical panels,
whereas fastenings B and C were modelled, respectively, by a bilinear hysteretic spring, and by five springs in
parallel — an elastic, perfectly plastic spring, and four elasto-plastic springs with an initial gap (spring C, Fig. 4).
In the out-of-plane direction fastenings were modelled by an elastic spring (spring D, Fig. 4).

In the case of both the vertical and the horizontal panels, the criteria for the in-plane and out-of-plane
failure of the fastenings were controlled by defining the ultimate displacements (Fig. 4). If any of the criteria for
a given fastening were met, the panel, which was connected to the structure by that particular fastening, was
considered to be dislocated and was removed from the model during further analysis.

3.3 Masonry infills

Masonry infills were modelled by stiff elastic elements and rigid constraints with their mass concentrated at the
centre of the infill (Fig. 5). At the bottom, infills were connected to the fixed nodes by two elastic-no tension
springs, in order to enable rocking of the infills in the out-of-plane direction (spring F, Fig. 5). At the top, infills
were connected to the columns by a 3D impact zero-length element, which enabled the development of frictional
forces in the out-of-plane direction and impact in the in-plane direction of the infills. The former was modelled
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as in the case of the 3D contact zero-length elements, whereas the latter was defined by a bi-linear force-
displacement relationship [23, 24]. Openings were accounted for by reducing the stiffness and strength of the
infills as suggested in [25]. If either the in-plane strength or the out-of-plane critical rotation (associated with the
infill’s centre of gravity being just above its hinge) was reached, the infill was considered dislocated, and was
immediately removed from the model during the analysis. Note that the model of any column was also upgraded
by an additional rotational spring (spring A), if the adjacent masonry infill was not constructed to the top of the
column due to windows. In this case an additional plastic hinge was inserted in the column at the point of its
contact with the top of the infill in order to capture the non-linear behaviour of the column.
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Fig. 5 — Schematic illustrations of a section of a model of the building with masonry infills with the force-
displacement relationship of the non-linear elements used in the model.

4. Methodology for fragility analysis of the investigated building classes

In this study the methodology which was originally proposed in [10] and modified in [12] is used. Each building
class was represented by a sample of 100 buildings. The load-bearing structures were determined through
simulated design [10] in order to take into account the variations in the geometry and mechanical properties.
Monte Carlo simulation was used to generate the sample values. This method was also used for the generation of
the sample of the non-structural components and uncertain modelling parameters. For every building a numerical
model was then defined. The seismic performance of each building from a sample of 100 buildings was
investigated for 70 seismic events. These events were considered to be equal to those used in [10]. All nonlinear
dynamic analyses were performed with the OpenSees software [18].

In each simulation, two types of damage states, i.e. a non-structural and a structural damage state were
determined. Non-structural damage was defined by one of the four damage states, which corresponded to
different portions of the dislocated non-structural components, i.e. no component dislocated (DS-0), at least one
component dislocated (DS-1), at least one half of components dislocated (DS-2) and all the components
dislocated (DS-3). The criteria for the dislocation of non-structural components are described in Section 3.
Furthermore, structural damage was defined by one of the three damage states, i.e. no or slight damage (DS-NS),
moderate damage (DS-M) or structural collapse (DS-C). Moderate damage was defined as a sequence of either
of the following:

¢ Rotation in at least one column exceeded the yield rotation, which was determined according to a previous
study [19].

e Displacement in at least one beam-to-column connection exceeded the value which indicated the initiation
of sliding (1 cm).

Structural collapse was defined as a sequence of either:

e The collapse of at least one column, which was defined when the rotation in the plastic hinge of the
column exceeded the ultimate rotation [26], which corresponded to 80% of the column's strength, if
measured in the post-capping range.

e The unseating of a beam in at least one beam-to-column connection, which occurred if the relative beam
drift exceeded the sliding capacity, which was assumed to be equal to the length from the edge of the
beam to the edge of the corbel.
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For a given seismic event and a given damage state, a ratio between the number of the sample buildings
meeting the designated damage state and the total number of simulated buildings was calculated. Once the
seismic events were quantified by a certain level of the selected intensity measure, a regression analysis was
performed, which provided the moments of the collapse fragility functions, i.e. the median seismic intensities
causing designated limit states and the corresponding standard deviations in the log domain. The geometric mean
of the peak ground accelerations in both horizontal components was used for the intensity measure, since it is an
intensity measure which is independent of the building class concerned. The regression analysis was carried out
by assuming a lognormal distribution and by using the maximum likelihood method as proposed in previous
studies [27, 28]. An example of simulation data and the corresponding fragility curves for two damage states are
shown in Fig. 6a, whereas an illustration of determining different damage states probability based on fragility
curves is given in Fig. 6b.

5. Results and discussion

In this section, parameters of fragility curves for non-structural damage are first presented. This is followed by
the presentation of the fragility curves for structural damage and the inspection of the impact that non-structural
components have on them. Finally, the effect of non-structural components is illustrated by an example of a non-
linear dynamic analysis.

It was observed that fragility curves for non-structural damage states depend substantially on the type of
non-structural components (Table 5). This is most significant in the case of DS-1 (first component dislocated),
where the values of &, for buildings with masonry infills and buildings with vertical panels, respectively, exceed
d4 associated with buildings with horizontal panels for approximately 50 % and 200 %. However, the difference
in performance is less when inspecting fragility curves for DS-2 (at least one half of non-structural components
dislocated) and DS-3 (all non-structural components dislocated). Moreover, it was observed that the type of
fastenings had little impact on the fragility curves of buildings with horizontal panels. Nevertheless, the best
performance was observed in the case of fastenings A, whereas panels attached with fastenings C were
dislocated at the lowest levels of intensity.

Table 5 — Fragility parameters (median and logarithmic standard deviation) for all the considered classes of

buildings
Building DS-1 DS-2 DS-3 DS-M DS-C
Class ég [a] Olna, ag [a] Olna, 4 [a] Olna, a [a] Olna, ég [a] Olna,
1 / / / / / / 0.11 0.46 0.60 0.22
2 0.42 0.38 0.52 0.29 0.55 0.26 0.11 0.48 0.56 0.25
3 0.13 0.46 0.29 0.48 0.46 0.43 0.10 0.32 0.48 0.43
4 0.13 0.44 0.26 0.46 0.42 0.45 0.10 0.30 0.44 0.45
5 0.12 0.46 0.25 0.49 0.41 0.47 0.10 0.33 0.43 0.47
6 0.19 0.72 0.30 0.61 0.46 0.39 0.09 0.21 0.59 0.26

Structural damage states were influenced by the type of non-structural components as well (Table 5, Fig.
6¢). While vertical panels had no significant impact on moderate damage, the addition of horizontal panels and
masonry infills reduced both &; and oiag. In the case of horizontal panels, the reductions amounted to
approximately 10 % and 30 %, respectively, whereas masonry infills reduced the fragility parameters for about
20 % and 50 %, respectively. Furthermore, non-structural components also affected structural collapse. In the
cases of buildings with vertical panels and masonry infills, a small reduction in &; was observed, whereas oy,
was slightly increased. Both of these changes in parameters, according to [29], lead to a higher probability of
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collépse. The impact of horizontal panels was even more significant. Their inclusion in the structure decreased
a, for approximately 25 % and increased o, for about 100 %.
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Fig. 6 — a) Fractions of buildings within building class 4 exceeding DS-1 and DS-C with the corresponding
fragility curves, b) fragility curves of building class 2 with highlighted probabilities of occurrence of non-
structural and structural damage states given the two level of peak ground acceleration, and c) parameters of
fragility curves (median and logarithmic standard deviation) of classes of buildings with non-structural
components normalized to parameters of building class 1 (bare frame buildings) fragility curve.

Several phenomena contribute to such differences in fragility curves. Some of them are illustrated in Fig.
7a, where time-histories for rotation in the plastic hinges of columns and displacements at the corresponding
beam-to-column connections are presented for four buildings with the same structure but different type of non-
structural components. Only one building with horizontal panels (the one with fastenings B) is represented, since
all of them exhibit similar results. The time-history records of rotations around the X axis (due to the drifts in the
direction of the Y axis) and displacements in the direction of the Y axis are presented for plastic hinges at the
bases of three columns and for three beam-to-column connections, respectively. The following observations can
be made. Firstly, the largest rotations were recorded in buildings with horizontal panels (Columns B, C). This is
contributed by the mass of the panels causing inertial forces which act below the beam-to-column connection
and prevail over the effect of the increased stiffness in the plane of Column C. However, rotations in the internal
column (Column A) are similar to those recorded in other types of buildings. This is because frictional beam-to-
column connections are not able to transfer all of the inertial forces, which are caused by the horizontal panels.
For the same reason, displacements in the beam-to-column connections in this particular building are larger than
those in the connections of the bare frame building (Connections 1, 2, 3). Secondly, masonry infills increase
stiffness in the in-plane direction (parallel to their own plane) and thus reduce the rotations at the bases of the
columns (Column C). However, this increases the demand in the beam-to-column connections, which leads to
larger displacements in comparison with the bare frame building (Connection 3). Thirdly, inertial forces due to
mass of vertical panels cause larger displacements in Connections 1 and 2. On the contrary, displacements in
Connection 3 are smaller than those in the bare frame building. Such an observation may be contributed to the
increase in stiffness due to the panels along the Y axis. In this case the increase in stiffness is beneficial
(conversely to the case of building with masonry infills), since the panels are attached to the structure above the
beam-to-column connection, which means that a certain amount of forces is transferred through the panels to the
ground. The example presented herein was chosen, since it corresponds to a small fraction of dislocated non-
structural components. In cases where more components were dislocated, their effect might not be as significant.
Moreover, the phenomena presented above should be understood qualitatively, i.e. it was observed that the
severity of the impact of a certain phenomenon differs case by case.
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Fig. 7 — a) Results of non-linear dynamic analyses of four buildings with the same structure (bare frame) but
different non-structural components (vertical panels, horizontal panels and masonry infills), b) ground
acceleration of the seismic event used in analyses and c¢) plan view of the structure with highlighted locations of
columns A-C and connections 1-3.
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6. Conclusions

. )

Fragility curves for six classes of precast RC buildings with the same structure but different type of non-
structural components were presented. Four damage states corresponding to non-structural damage and three
damage states corresponding to structural damage were considered.

It was observed that both structural and non-structural damage depend on the type of the non-structural
components. For both types of damage, buildings with horizontal panels exhibited the worst performance,
followed by buildings with masonry infills and buildings with vertical panels. By adding horizontal panels to the
bare frame structure, the median peak ground acceleration causing collapse decreased for about 25 %, whereas
the logarithmic standard deviation increased for about 100 %.

Phenomena which contribute to these differences in fragility curves were illustrated by time-histories of
selected analyses which were used in the fragility analysis. It was shown that the inertial forces perpendicular
and parallel to the plane of the horizontal panels increased displacements in beam-to-column connections as well
as rotations in columns despite the increased stiffness of the structure caused by the horizontal panels oriented in
the parallel direction. If masonry infills were used in the investigated precast buildings, stiffness of the structure
was reduced, which caused smaller rotations in columns but larger displacements in beam-to-column
connections. In the case of buildings with vertical panels, displacement demand in beam-to-column connections,
measured perpendicular to the plane of the panels, was significantly increased because of large additional inertial
forces and negligible effect on stiffness. However, the effect of increased stiffness in the direction parallel to the
plane of the panels was found beneficial in this case, since the vertical panels were attached to the roof which
helped to reduce the demand in the beam-to-column connections. It can therefore be concluded that mass of non-
structural components generally has a detrimental effect on the performance of precast buildings, whereas the
effect of increased stiffness is more unfavourable if non-structural components are attached to the structure
below the beam-to-column connection rather than above it. Furthermore, the severity of their impact varies due
to the dispersion of their strength, which affects the time of their potential dislocation. This increases the
dispersion of levels of intensity causing designated damage states reflected in fragility curves.
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