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Abstract: For seismic risk analysis, reliable predictions and estimations of earthquake damage and
seismic behaviour of buildings are essential. A common method is the use of fragility curves. In this
paper, fragility functions are developed based on various numerical damage criteria for five defined
damage grades, from slight to destruction. The proposed new multiscale approach establishes a
correlation between observed damage patterns due to foreign earthquakes and the seismic response
of the building using thresholds for material-specific and global characteristics. This approach takes
into account various possible damage patterns on different scales more comprehensively than the
well-known approach of displacement criteria. Moreover, the approach is universal and adaptable for
building classes as well as region-specific material and system characteristics. Several damage criteria
with their defined limit values are assigned to the five proposed damage grades, whereby quantity
and distribution of the exceeded criteria are relevant, since the first occurrence does not always lead
to damage. With the new approach, damages that are not evident in the pushover curve in terms
of strength degradation can be detected and taken into account for the damage thresholds. The
derived displacement values associated with the damage levels are the basis for developing fragility
functions. The results—damage criteria, pushover curves with damage grades, capacity curves as
well as fragility functions and parameters—are presented for a four-storey reinforced concrete frame
building. These results are discussed and validated with data from the literature. Comparisons to
existing fragility functions in the literature show that our developed fragility functions are mostly
located in the middle range, graphically as well as for the curve parameters. This specific example was
chosen to present our multiscale approach, but for general building classes, numerous simulations
with varying characteristics are essential and result in a higher standard deviation of the final
fragility curves.

Keywords: fragility functions; pushover analysis; earthquake damage grades; multiscale approach;
risk analysis; reinforced concrete

1. Introduction

In the case of an earthquake, casualties and economic loss are mainly related to the
seismic behaviour of structures. Hence, reliable predictions and estimations of earthquake
damage and seismic behaviour of buildings play an important role in seismic risk analysis.
In addition, the classification of occurred damages is essential to effectively support rescue
measures and to be able to assess the stability of structures [1-3].

Fragility functions are an important tool for modelling seismic risk and loss by describ-
ing the probability of exceeding a damage state level for a given structure and intensity
measure. Fragility functions are covered in detail, for example, by Crowley et al. [4],
D’Ayala et al. [5] and SYNER-G [6]. There are four main approaches for the development
of fragility functions: empirical, expert opinion-based, analytical and hybrid [6]. Empirical
fragility curves are derived based on collected damage data from post-earthquake sur-
veys for different building typologies. Expert opinion-based fragility functions depend
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on the judgement and estimation of experts that are often expressed in terms of damage
probability matrices and mean damage factor functions. Although the inclusion of real
damage data and expert experience from past seismic events is only possible with the
two approaches mentioned before, the analytical derivation of fragility curves is mostly
used, if the computational capacity is not the limiting factor. Structures are modelled
with varying material and geometric characteristics and analysed for a range of seismic
intensities. A high similarity between the model and the real building depends on the
modelling capabilities and is important to achieve reliable results [6]. The modelling and
damage analysis of the structure is followed by a statistical evaluation to derive analytical
fragility functions. The hybrid method combines two of the approaches explained.

For the development of fragility functions, the structure has to be numerically analysed
concerning its earthquake load-bearing capacity first. For this performance assessment,
non-linear methodologies such as the pushover or the dynamic time-history are often
applied [5,7-9]. Moreover, damage thresholds are essential to define the limits of the
engineering demand parameter (EDP) for the calculation of the probability of exceedance
as part of the fragility functions. In the literature, thresholds for the damage grades of
reinforced concrete (RC) buildings are mainly based on yielding and ultimate displacement
of the bilinearization of the pushover curve [4,10]. With this approach, only damages that
are evident in the pushover curve in terms of strength degradation can be detected, but
the element scale is neglected. A multiscale approach for masonry buildings is applied by
Lagomarsino and Cattari [11] as well as by Simoes et al. [12], but is hardly available for
reinforced concrete structures. Moreover, fragility functions are often derived from one spe-
cific building type of a region or country, and are not transferrable to other building classes
or countries [6]. Additionally, the fragility curves often cover three to four damage states.

To cover the high variety of buildings, in most cases, buildings with similar charac-
teristics in terms of seismic behaviour are summarised in building classes. In the GEM
Building Taxonomy Version 2.0 [13], thirteen important attributes are included to define a
building class. This building taxonomy was simplified for the GED4All Global Exposure
Database for Multi-Hazard Risk Analysis [14] by selecting a lower number of attributes
for the classification. This classification system was adapted for the ESRM20 to classify the
vulnerability of European buildings [4,15].

In this paper, a new analytical multiscale approach for reinforced concrete buildings
is proposed. The developed fragility functions for different building classes based on
the new approach are used for the initial damage forecast in a research framework [16].
Resulting areas with potential high damage are the starting point for overview flights with
unmanned aerial vehicles (UAVs). The recorded data are the basis for rescue measurements
and the choice of buildings for detailed flights. The earthquake damages to the buildings,
recorded in detail, are classified with automatic and crowdsourcing-based approaches.
The classification is carried out with a developed damage catalogue that contains specific
damage patterns for the materials reinforced concrete and masonry, as well as global
damage characteristics. This damage catalogue for five damage grades—slight, moderate,
heavy, extreme and destruction—was introduced by Kohns and Stempniewski [17]. For the
development of fragility functions, here, the observed damage, included in the damage
catalogue, is linked to the numerical seismic response of the building. Therefore, in this
papet, several multiscale criteria are proposed to determine the location of the five damage
grades on the numerically calculated response curve in non-linear static analyses. These
criteria contain thresholds for material-specific and global characteristics to register various
types of damage for reinforced concrete (RC) buildings based on the damage catalogue. Via
frequency and spatial distribution, these damage criteria, with their defined limit values,
are assigned to the five proposed damage grades. Interstorey drift (ISD) and spectral
displacement values are derived from the relevant positions of the damage grades on the
pushover curves. The curves and the damage thresholds are the basis for the explained
procedure of developing fragility functions. The new approach takes into account various
possible damage patterns on different scales more comprehensively than the well-known
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approach of displacement criteria based on yielding and ultimate displacement of the
bilinearization of the deformation curve. Moreover, the approach can be applied to all
building classes as well as region-specific material and system characteristics. For the
definition of the five proposed damage grades, the quantity and the distribution of the
damage criteria are important, since the first occurrence does not always lead to the damage
grade. With this multiscale approach, damages that are not evident in the pushover
curve in terms of strength degradation can be detected and taken into account for the
damage thresholds.

The whole process—from the modelling of the building to the final fragility functions—is
exemplarily carried out for a four-storey reinforced concrete frame building. Positions of
the damage grades on the pushover curve and the resulting fragility functions are presented.
The results are discussed and validated with data from the literature.

2. Approach for the Definition of Multiscale Criteria Defining Damage Grades on
Pushover Curves

For the seismic performance assessment, two non-linear analysis types are usually
applied: non-linear dynamic time-history analysis and non-linear static pushover analy-
sis [7]. In contrast to the dynamic time-history analysis, the pushover analysis is a less
computationally demanding procedure, which delivers fast but still adequate results. Due
to this advantage, the pushover analysis was applied for the investigations in this study.
The resulting pushover curve represents the global seismic behaviour through a relation-
ship between the total base shear and the displacement of a control node. The choice of the
position of the control node has a great influence on the results. It should be located at the
top of the building and near the centre of mass to represent the displacement of the whole
building. The pushover curve is obtained by subjecting the building model to permanent
vertical loads and monotonically increasing lateral forces or displacements, distributed over
the height of the building. The horizontal load pattern may follow a uniform, triangular
or first-mode proportional shape over the height. According to EC8-1 [18], at least two
different load patterns are required—a distribution proportional to mass regardless of
elevation as well as a modal distribution.

For the further process of investigation, the task is to define the damage grades on
the resulting pushover curve so that they fit the observed damage, the seismic behaviour
and the earthquake engineering assessment. Information concerning the general locations
and thresholds for damage states are described in the following and shown in the graph in
Figure 1. Further information can be found in [12,19-21].

Base shear

damage grade global criterion
Slight at least 50 % of the maximum force on the ascending branch
Moderate at least 75 % of the maximum force on the ascending branch
® Slight Heavy maximum force
€ Moderate
® Tlcavy Extreme 5 % load drop on the descending branch
@® [xtreme K i .
' Destruction 20 % load drop on the descending branch
B Destruction

Displacement

Figure 1. General positions of the five damage grades on the pushover curve and associated global
criteria.

For slight damage, no loss of load-bearing capacity results, and the damage grade is
located in the middle range of the ascending branch. Moderate damage is characterised
by yielding of the reinforcement and cracks in the concrete that result in a non-linear
behaviour and, therefore, the damage grade’s position is in the area of stiffness reduction.
The heavy damage state is located near the maximum shear force. The damage levels extreme
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and destruction are set on the descending branch as the load-bearing capacity decreases
continuously with progressive damage.

For the determination of the position of the damage grades, different scales and types
of criteria are essential.

Our derived approach defining various general numerical criteria that represent the
observed damage patterns and mechanisms on different scales is presented here. Five
damage grades based on the damage catalogue [17] are defined and investigated. For
these, the new approach proposes universal criteria for RC structures that can be adapted
to the material-, system- and region-specific characteristics of the investigated structures.
Moreover, with multiscale criteria, an attempt is made to ensure that as many damage
patterns as possible are covered. Therefore, material-specific and deformation criteria
on the element scale as well as global criteria are applied. The latter, represented by the
pushover curve, are based on the general locations as described before (Figure 1). The
material-specific damage criteria relate to either concrete or steel reinforcement.

Table 1 presents the new material-specific damage criteria for determining the damage
development in RC buildings based on strains and deformations. The required parameters
are to be determined according to EN 1992-1-1 [22]. On the element scale, the criteria are
based on the stress—strain relationships for concrete and steel that are included in papers
by Paulay and Priestly [23] as well as Biskinis and Fardis [24]. For concrete, tension and
compression behaviour are covered. With damage criterion (a), &t describes the positive
concrete strains larger than the ratio between the tension strength f.m and the initial
stiffness E. of the concrete material. For concrete under compression (negative strains),
thresholds are defined for spalling of the unconfined concrete cover e, (b) and cracks in
the confined concrete core ¢ (c) [23]. The reinforcement is investigated at the two points
yielding (d) and failure (e). For (e), e, is reduced to 3/8 of the elongation at peak load [24]
to take into account the cyclic loading due to an earthquake. In addition to the strain-based
criteria at the element scale, moment—curvature relationships are often applied to detect
damage [19,23,24]. Hence, the curvature is used as a criterion at the point of cracking (f),
with . at cracking and x as the height of the compression zone [23] and at the point of
yielding (g) based on [24]. Moreover, in Eurocode 8 Part 3 [25], thresholds for the chord
rotation and shear capacity are given for the limit states Damage Limitation (DL), Significant
Damage (SD) and Near Collapse (NC). For NC, the total chord rotation capacity includes
the elastic and inelastic part of rotation at ultimate (cp. equation (A.1) [25]). For the SD
limit state, the chord rotation capacity is assumed to be 75% of the ultimate chord rotation
for NC. For the threshold of DL, the chord rotation at yielding is applied (cp. equation
(A.10a) [25] for beams/columns and equation (A.11a) [25] for walls). The shear capacity is
defined for the limit state of NC from expression (A.12) [25]. These outlined equations are
used for chord rotation at yielding (h) and capacity (i) and shear strength (j).

Table 1. Material-specific damage criteria and related thresholds for reinforced concrete buildings.

Damage Criterion Threshold
(a) Concrete tensile strength €ct = fetm/Ec
(b) Spalling concrete cover (unconfined concrete) ecsp = —0.0025
(c) Cracks concrete core (confined concrete) e =—0.01
(d) Yielding reinforcing steel esy = +0.002
(e) Failure reinforcing steel en=3/8 X gy
(f) Cracking curvature Qe =¢€c/x
(g) Yield curvature @y = (1.75 x fy)/(Es X h)
(h) Chord rotation at yielding EN 1998-3 (A.10a)/(A.11a)
(i) Chord rotation capacity EN 1998-3 (A.1)
(j) Shear strength EN 1998-3 (A.12)

For each damage grade, several of the presented criteria are applied, whereas one
criterion may be used for different damage grades. The respective damage criteria are
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assigned to the five damage grades using frequency and spatial distribution (Table 2). In
the presented approach, only column elements are investigated concerning the quantity.
Beams are considered secondary components, since column failure is usually more serious
than beam failure [26]. The suggested values for the percentages of the affected columns
for the different damage grades (Freq in Table 2) are based on quantitative ranges in [1,2]
and the damage catalogue. For the distribution, a distinction must be made between floor
level and the entire building.

Table 2. Assignment of the damage criteria to the damage grades via frequency (Freq) and distribution.

Slight Moderate Heavy Extreme Destruction
Criteria Freq  Criteria Freq  Criteria Freq  Criteria Freq  Criteria Freq
(@) Alll (b) >30% (b) all (c) >30% () all
(d) >30% (d) all (o) >10% (e) >10% (e) >30%
(£ all! (8) all (e) first () >30% () >50%
(h) >30% (h) all (i) first G) >30% G) >50%
G) first

! The columns of the entire building in all storeys are affected, otherwise, the distribution/percentage is considered
floor by floor.

For example, for the heavy damage grade, the criterion for the concrete cover strain (b)
has to be reached in all columns on one floor. The floor for which the criterion is exceed first
is not considered. The analogous procedure applies to the cracking of the cross-sectional
concrete core (c). Here, the limit for the criterion is 10% of the columns involved in any
floor, whereby the percentage relates to the columns of the associated floor. Heavy damage
is also considered in the following cases: one column reaches failure of reinforcement (e),
chord rotation capacity (i), or shear strength (j). The column can be located anywhere in
the building.

In addition to the material-specific criteria, the global load-bearing behaviour is consid-
ered. These criteria are directly represented by the pushover curve. The global criteria are
shown in the table in Figure 1. For the damage levels slight and moderate, the global criterion
only becomes relevant if the material-specific damage criteria are exceeded with a lower
displacement. Then, the total force reached can be higher than for the material-specific
criterion only. For the other damage states, the global criteria are considered on an equal
level with the material-specific criteria.

To sum it up, for each damage grade, four to five material-specific criteria and one
global criterion are applied, and the position of the damage grade on the pushover curve
is defined by the minimum displacement threshold obtained from the verification of the
limits at the different scales. From the relevant positions of the damage grades on the
pushover curves, interstorey drift (ISD) and spectral displacement values are derived,
whereby possible different damage mechanisms are considered using various criteria and
scales. These values are the basis for the process of developing fragility functions described
in the next section.

3. Development of Fragility Functions
3.1. General Process

Fragility functions define the probability of exceeding (PoE) or reaching a damage
state given a ground motion intensity measure (IM). For the development of these fragility
functions, the pushover curves and the damage state thresholds, using ISD values or
spectral displacements, described in Section 2, are the basis.

Detailed guidelines for the different possibilities of developing analytical seismic
vulnerability functions are given in [5]. The most important steps in the process of deriving
fragility functions, in general, are summarised as follows (Figure 2):
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Figure 2. Important steps in the general process of deriving fragility functions.

(1) A multi-degree-of-freedom (MDoF) system is numerically analysed. The result of
non-linear static analysis is a pushover curve, which gives the total base shear of the
system as a function of its displacement;

(2) The pushover curve is converted into a capacity curve that expresses the relationship
between the acceleration of an equivalent non-linear single-degree-of-freedom (SDoF)
system and its displacement. For this, two steps are necessary: (a) the transforma-
tion from MDoF to SDoF and (b) the transformation from force-displacement into
acceleration—displacement response spectra (ADRS) format. Details and formulas can
be found in [27];

(3) To estimate the demand, different ground motion records are selected whereby type
and number of records are important to receive informative fragility functions. The
records are the basis to derive the inelastic response spectrum in the ADRS format. Both
the idealised capacity curve and the inelastic demand spectrum in the ADRS format
are shown in one diagram. Graphically, the seismic demand, known as performance
point, is defined by the intersection of both curves. For the numerical calculation of the
displacement demand, various methods are available in the literature, e.g., the capacity
spectrum method [28], N2-method [29] and displacement-based approach [30];

(4) The previous step has to be repeated for multiple records to determine many perfor-
mance points representing the engineering demand parameters (EDP) for different IMs,
defining the relationship between structural response and ground shaking intensity;

(5) The resulting cloud of EDP-IM points is used to determine the EDP and its dispersion
for each damage state threshold. Two approaches for the calculation are mentioned
here: the generalised linear model and least squares regression. As a statistical model,
a lognormal cumulative distribution between EDPs and damage states is assumed to
derive the fragility functions.

3.2. Specification of the Theoretical Process and Related Influencing Parameters

The general theoretical process can be realised in different ways, and various commer-
cial software is available. One option is the open-source platform Vulnerability Modellers
Toolkit (VMTK) [31] for the derivation of fragility functions. In the following section,
the most important influencing parameters are explained.

The selection of appropriate ground motion records is one of the main sources of un-
certainty in structural vulnerability assessment. If universally applicable fragility functions
for a building class for a large region are desired, many ground motion records are needed
to cover the full range of the intensity measure level and to reach all damage grades. A
small and unsuitable number of records may result in wrong estimations. Additionally,
the choice of the intensity measures is relevant, while the peak ground acceleration (PGA)
is the traditional unit. For further information about the advantages and disadvantages of
different measures of ground motion intensity, refer to [32].

The capacity of the investigated structure is defined through a bilinear, trilinear or
quadrilinear idealised curve in the ADRS format. For this, the pushover curves of the
MDoF system are converted into curves for the SDoF system in the ADRS format using
Formulas (1) to (3) according to [27,33].

For the first-mode shape, the transformation factor I' is given by
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where @1 is the modal vector of the first natural mode, M is the diagonal mass matrix and r
is the influence vector. The second part is the simplified summation form with the masses
m; and related components of the modal vector @1 ; due to the diagonal structure of the
mass matrix.

The mass of the related equivalent SDoF system m;* is

mi =@ Mr=Y mj-¢y )

With Ty and my, every point on the force (F)-displacement (Xpyushover) curve from
pushover analysis can be transformed with @1 ,yshover for the control node into the spectral
acceleration (S,)-spectral displacement (S;) format.
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The capacity curves, especially the first part, should be well-represented by the ideali-
sation, since low damage grades are strongly influenced. The post-peak behaviour has a
lower influence representing high damage grades. E.g., an underestimation in shear for
low damage grades may lead to a higher vulnerability than expected.

For the non-linear dynamic analysis of the SDoF, a cyclic strength degradation on
the basis of an energy approach can be applied (for further information, refer to [31]).
Besides the degradation approach, a mass-proportional Rayleigh damping is considered.
The output of the structural analyses is a distribution of EDPs vs. IM levels. Mainly,
degradation and damping influence the structural response. If the analysis is calculated
without degradation, the stiffness and strength of the system stay the same during the
whole analysis, which leads to a different fragility function than one made by taking into
account energy dissipation through hysteresis by using degradation. The damping value
should not be chosen unrealistically high, as higher damping tends to lead to lower fragility.

The cloud of EDP-IM points is the basis for the derivation of fragility functions with
the cloud analysis approach proposed by Jalayer et al. [34] that applies a three-parameter
fragility model whose model parameters are the median and the standard deviation from
regression in the logarithmic space. For the regression, two approaches are available:
(1) all data points are used equally for a simple linear regression and (2) a censored
regression. In the latter, displacements higher than a threshold are treated differently
because they are expected to be only possible due to numerical analysis convergences for
levels of displacement that are incompatible with structural stability. The influence of the
censored regression on the fragility function depends on the value of the censoring factor
in comparison to the threshold for the highest damage grade and the demand selected.
Moreover, the building-to-building variability can be chosen freely. This value is added to
the dispersion of the record-to-record variability through the square root sum of squares.
Another option is to add the dispersion due to building-to-building variability to the
standard deviation of the final developed fragility function. The building-to-building
variability changes the shape of the fragility, and it has to be considered if this aspect was
already included in the capacity curves by taking a group of curves for one building class.
An increasing dispersion leads to a more flat final fragility function. The damage model
plays an important role in defining spectral displacement thresholds for the damage states.
The damage thresholds in terms of displacement have a great influence on the final fragility
functions because lower limits result in higher fragility for the same intensity measure
level. The resulting fragility functions are defined using cumulative lognormal functions
including values for IM and probability of exceedance for each defined damage grade.
The considered choice of all influencing parameters is important to achieve meaningful
fragility functions.
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4. Example of a Four-Storey Reinforced Concrete Frame Building

In this section, the derivation of fragility functions for the five damage grades is
exemplarily shown for a reinforced concrete frame structure. The determination of the
pushover curves and the displacement limits for the damage grades is carried out with
the software SeismoStruct 2022 [35] for static and dynamic non-linear analysis of framed
structures. The subsequent process up to the final fragility curves is implemented with
VMTK [31]. Before the analysis in SeismoStruct, the building was modelled linear-elastically
in RSTAB [36] based on the normative material laws. The verifications for both limit states,
ULS and SLS, were performed and the required reinforcement was determined. One sample
building was chosen here to show the new approach with multiscale damage criteria.

4.1. Modelling and Simulation

A general regular four-storey reinforced concrete (RC) frame building is investigated.
The four floors are each 2.5 m in height and the floor plan is 16 m x 12 m. The building
consists of ten separated frames, five on each of the axes A-A to E-E and 1-1 to 5-5.
Masonry infill walls are not explicitly modelled but are considered as an additional load
on the beams. Figure 3 shows the plan view, the 3D model and elevation views of the
investigated RC building in SeismoStruct [35].

©

_ .

|l'\f--_--," o 2 ".._ll.

N

4x3m

———
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=

—_————

4x4m

g
2 A
o «
P *
ke -+
e i 1% 1
4x4m 4x3m

Figure 3. Plan view (top left), 3D model (top right), elevation view A-A (bottom left) and elevation
view 1-1 (bottom right) of the investigated reinforced concrete (RC) frame building.

For the columns in all storeys, a section of 300 mm x 300 mm, with a longitudinal
reinforcement of 4 @ 20 mm in the corners and 4 @ 12 mm at the sides, is defined. The
transverse reinforcement consists of 10 mm bars with a spacing of 200 mm and two stirrup
legs each along width and height. The beam section is 300 mm wide and 500 mm high
with a longitudinal reinforcement of 4 ¢ 20 mm at the top, 2 ¢ 20 mm at the bottom and
2 @ 12 mm at the sides. The transverse reinforcement for the beam is the same as for the
column. The positions of the lap joints are in the respective pressure zones. The sections
are shown in Figure 4.
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Figure 4. Sections and reinforcement of columns and beams.

For both sections, the confinement factors are considered in the analyses on the
basis of the concrete material and the reinforcement. The columns, as well as the beams,
are modelled in a simplified way as inelastic plastic-hinge force-based frame elements
(infrmFBPH) that concentrate the inelasticity at the two ends of the element within a fixed
length of the element. As concrete material, the strength class C30/37 is applied and the
material parameters for the non-linear concrete model proposed by Mander et al. [37]
are defined. With the Menegotto-Pinto steel model, a B500B steel is specified for the
reinforcement. Floor loading, such as permanent loading of the 0.15 m thick floors, the floor
finishing as well as the live loads, is distributed to the beams since the floors are assumed to
be spanning in two directions. For the permanent load of the floor finishing, 2.0 kN /m? is
taken into account. For live loads, 2.0 kN/m? is expected, whereas only 30% is considered
for the seismic load combination according to Eurocode 8 [18]. In addition, the infill weight
for the 0.13 m thick masonry infill walls of 1.44 kN/m? for the first to the third floor is
calculated and applied as additional weight to the corresponding beams. The applied
loads to the beams are specific for both axes (A-E or 1-5), the floor number (1-3 or 4)
and the position of the frame (external and internal) due to the different loads and the
respective loaded areas. Self-weights of columns and beams are automatically computed
in SeismoStruct and the total loading of floors (self-weight and floor finishing) as well as
infills is considered as additional mass for the beam sections in the element classes that
result in eight different beam types.

The pushover analysis is conducted for the two directions x and y. Due to the symme-
try of the building, there is no difference between the positive and the negative orientation
for x and y, respectively. Two different lateral load patterns are investigated, a uniform
and a modal distribution. For the modal distribution, an eigenvalue analysis is run before
the pushover analysis to determine the load pattern for the modal form with the highest
effective modal mass percentage for each direction. Specific horizontal loads for each node
are defined as incremental loads in the relevant direction, as shown in Figure 3, top right.
In total, there are four analyses conducted, each up to a displacement of the control node of
0.25 m in 100 steps. As control node, the node on the top floor in the centre is chosen.

4.2. Definition of Damage Criteria and Damage Grades

The material-specific damage criteria are defined in the Pre-Processor in SeismoStruct [35].
Here, only the column elements are selected for the monitoring of the performance criteria
as the beams are considered secondary components, as stated before.

Table 3 shows the specific limit values for the damage criteria for the RC frame building
based on the definitions of Table 1. SeismoStruct automatically calculates the criteria (h) to
(j) on the basis of the formulas given in Table 1 for each step.
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Table 3. Material-specific damage criteria and limit values for the investigated RC building.

Damage Criterion Limit Value
(a) Concrete tensile strength eqt = +0.0001
(b) Spalling concrete cover (unconfined concrete) €csp = —0.0025
(c) Cracks concrete core (confined concrete) e =—0.01
(d) Yielding reinforcing steel esy = +0.002
(e) Failure reinforcing steel &y = +0.01875
(f) Cracking curvature ¢c = 0.00067
(g) Yield curvature @y =0.0146

(h) Chord rotation at yielding
(i) Chord rotation capacity
(j) Shear strength

automatically defined
automatically defined
automatically defined

Because the focus is on the new approach, only the results with mean values (see
previous section) are presented here for clarity. Investigations with higher and lower
material parameters were also carried out.

After the simulation, the defined criteria can be analysed. As already stated in Section 2,
for each damage grade, various criteria are considered and the assignment of the damage
criteria to the damage grades is shown in Table 2. Table 4 shows the steps in which the
respective criterion for the different analyses is exceeded. In the first step, the permanent
loads are applied. Then, the horizontal loads are increased in each step due to equally
increasing displacement, where 101 is the last step (0.25 m). In addition to the material-
specific criteria, the global criteria in Figure 1 have to be taken into account for each damage
grade and are included in Table 4 as “global”.

The decisive criterion occurs with the smallest step—having regard to the special
features of some global criteria—and, thus, with the lowest displacement for the related
damage grade. The positions of the damage grades of all analyses were determined on
the basis of the defined criteria using a set of Python scripts. Figure 5 shows the pushover
curves with the derived damage grades for four representative analyses—x-direction with
uniform horizontal load pattern, x-direction with modal horizontal load pattern, y-direction
with uniform horizontal load pattern, and y-direction with modal horizontal load pattern.
The different directions have little influence, whereas the influence of the load patterns is
significant. Therefore, EC8 [18] postulates investigating different lateral load distributions
to consider the most unfavourable effects.

Ty

__ 2000 x-direction uniform
é x-direction modal
5 1500 —— y-direction uniform
] —— y-direction modal
E i Slight

Moderate

Heavy

500 Extreme

Destruction

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Displacement [m]

Figure 5. Pushover curves of the RC building for four analyses (x/y, uniform/modal).
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Table 4. Steps (out of 101) for all analyses in which the damage criteria are exceeded.

Damage Criterion x-Direction x-Direction y-Direction y-Direction
Grade Uniform Modal Uniform Modal
(a) 24 18 14 11
(d) 17 21 17 20
. 3] 22 18 14 11
Slight (h) 28 34 27 33
global 10 12 9 12
decisive 17 18 14 12
(b) 27 32 26 31
(d) 21 25 20 24
() 23 28 22 26
Moderate (E) 30 37 28 34
global 18 22 17 20
decisive 21 25 20 24
(b) 37 45 37 46
(o) 61 68 58 63
(e) 56 63 54 60
Heavy (i) 57 64 57 61
() ") ") ") ")
global 35 42 32 39
decisive 35 42 32 39
(o) 64 70 60 65
(e) 58 65 57 62
Ext (1) 59 65 57 63
xeme ) ) ) ) )
global 47 55 45 52
decisive 47 55 45 52
(0 99 *) 101 *)
(e) 60 67 58 64
Destructi (1) 60 67 60 65
estruction () %) %) %) %)
global 70 76 68 73
decisive 60 67 58 64

*): the criterion has not been reached by the end of the analysis.

In the following, the damage grades for the x-direction analysis with uniform load
distribution are exemplarily described on the basis of Table 4 and Figure 5, and the decisive
damage criteria are shown in different colours in Figure 6. The slight damage grade is
located at the ascending branch of the curve and the decisive criterion is the yielding
reinforcing steel (d) that is reached in 30% of the columns on the first floor in step 17 (cp.
Figure 6A). The global criterion is not relevant here, although it occurs in step 10. The
second damage grade moderate shows the beginning of the non-linear behaviour and for the
investigated analysis, the criterion yielding reinforcing steel (d) in all columns on the first
floor defines the position on the curve as it is reached in step 21 (cp. Figure 6B). Damage
grade heavy is characterised by reaching the maximum force in step 35. The global load
drop of 5% occurs in step 47 before the material-specific criteria and is thus decisive for the
damage state extreme. In addition, for the last damage grade destruction, in step 60, in 30%
of the columns on the first floor, the reinforcement (e) fails. In the same step, the capacity of
chord rotation is reached in 50% of the columns on the first floor. These two criteria define
the position on the descending part of the curve (cp. Figure 6C).
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Figure 6. Decisive damage criteria for analysis in x-direction with uniform load distribution for
the damage grades slight (A), moderate (B), destruction (C) and the last step (D) with horizontal
displacements.

Hence, the influences of both material and global behaviour are shown; as for the
various damage grades, different criteria are decisive. The overall evaluation of the criteria
shows the exceedance of the thresholds initially on the first floor for all analyses that fit the
soft-storey behaviour, which is shown exemplarily at the end of the pushover analysis in
Figure 6D. In Figure 6, the horizontal displacements in the corresponding levels and steps
are shown.

The positions of the damage grades are similar to the other analyses (cp. Figure 5) but
differ slightly due to the influences of load direction and horizontal load distribution since
different criteria can be decisive (cp. Table 4).

4.3. Fragility Functions

The fragility functions are developed with VMTK (cp. Section 3.2 [31]) using our
pushover curves and derived damage grades (cp. Section 4.2). As ground motion records,
over 2000 records of the Engineering Strong Motion Database (ESM) ([38]) for Europe are
selected as input, and peak ground acceleration (PGA) is chosen as the intensity measure
(IM). The pushover curves of the MDoF system simulated with SeismoStruct [35] are
transformed into the SDoF system curves in the ADRS format by applying Equations (1)-(3).
Furthermore, an approximation was done using four linear sections for each curve (cp.
Figure 7).

For the calculation of the structural response, the degradation approach takes into
account the decreasing strength and stiffness of reinforced concrete due to energy dissipa-
tion under cycling loading (cp. Section 3.2). Moreover, a damping ratio of 5% is defined,
which is the common assumption for reinforced concrete in literature, e.g., in [4]. As
EDP, the maximum displacement is selected. Censored regression is applied with the
suggested censoring factor of 1.5. For the building-to-building variability, a value of 0.3,
as recommended in [31], is used. The derived displacement values for the damage grades
of the previous section are converted to the damage model, which defines the spectral
displacement thresholds for the damage states. The minimum values of the analyses are
shown in Table 5 in the first row.
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Figure 7. Approximations of the four capacity curves in the spectral acceleration-spectral displace-
ment format.

Table 5. Spectral displacement thresholds for the fragility module in VMTK and curve parameters
for the cumulative lognormal distributions according to the five damage grades.

Damage Grade Slight Moderate Heavy Extreme Destruction
spectral displacement [m] 0.021 0.047 0.077 0.103 0.129
mean [g] —1.030 —0.116 0.433 0.767 1.024
standard deviation [g] 0.952 0.952 0.952 0.952 0.952

The output of VMTK is discrete values for PGA and probability of exceedance for each
defined damage grade. These values are the basis by which to determine curve parame-
ters, mean and standard deviation for the continuous cumulative lognormal distribution,
using the method of least square minimizing the sum of squares of the residuals (data
points—function values). In Figure 8, the resulting fragility functions for the derived damage
grades are exemplarily presented for the chosen RC building model.
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’ ——== Extreme
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Figure 8. Fragility functions for five damage grades for the RC frame building.

Table 5 contains the related curve parameters, mean and standard deviation for the
cumulative lognormal distribution for the derived damage grades.
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4.4. Validation and Discussion of Derived Fragility Functions

In the first step, the damage thresholds are compared to approaches from the literature:
HAZUS [20] and FEMA 356 [21]. HAZUS [20] suggests ISD and spectral displacement
values for four limit states: Slight, Moderate, Extensive and Complete Damage. FEMA 356 [21]
proposes three damage performance levels: Immediate Occupancy (10), Life Safety (LS) and
Collapse Prevention (CP) and related drift values. For the comparison, the different damage
scales are related to each other [7]. For HAZUS, the building class C1M (concrete moment
frames mid-rise), and within FEMA, the concrete frames, are chosen for the comparison.
Table 6 includes the comparison of ISD thresholds of our study, HAZUS and FEMA.

Table 6. Comparison of own derived interstorey-drift values (second column) to approaches from
the literature.

Damage Mean Our Damage HAZUS Damage FEMA Concrete
Grade Study Grade C1M [20] Grade Frame [21]
Slight 0.0053 Slight 0.0033

Moderate 0.0079 Moderate 0.0058 10 0.0100
Heavy 0.0181

Extreme 0.0317 Extensive 0.0156 LS 0.0200

Destruction 0.0454 Complete 0.0400 CP 0.0400

The comparison shows that our derived mean values are, for the low damage grades, in
between the range of values proposed by HAZUS (which is, in general, more conservative)
and FEMA. For the two highest damage grades, the derived values are higher than the
thresholds of HAZUS and FEMA. This may be because the definition of damage states
differs and a direct comparison is not possible. Our defined damage grade destruction
includes the total collapse of the entire building and, thus, a greater extent of damage than
CP. The values for the damage grade extensive (HAZUS) and the performance level LS
(FEMA) fit better to our own values of heavy than extreme.

For the comparison of the spectral displacements, it has to be considered that for build-
ings with a soft-storey effect, the deformation is concentrated in one storey and, therefore,
the global displacement may be smaller than the displacement in the affected storey. If
this is taken into account, the spectral displacement values of the investigated building are
similar to thresholds in HAZUS, but HAZUS values are a little more conservative except
for the highest damage grade.

In the next step, the resulting fragility functions are validated. An important point
is that the fragility functions for the different damage grades do not intersect each other.
Hence, the probability of exceeding a given damage state should be higher than the
probability of exceeding the subsequent higher damage state. For our example calculation,
this rule is fulfilled (cp. Figure 8). Comparisons to existing fragility functions, such as those
in the SYNER-G report D3.1 for RC buildings [6] or in the Technical Report of the European
Seismic Risk Model [4], show that our developed fragility functions are mostly located in
the middle range, graphically as well as for the curve parameters. In Figure 9, a graphical
comparison of our derived fragility functions (solid lines) to the functions developed by
Rota et al. in 2008 [6] for the building class RC4 (reinforced concrete, no seismic design,
>4 storeys) (dotted lines) and the building class CR-LFM-CDM-0-H4 of the ESRM20 [4]
(dashed lines) is shown. The definition of the damage grades is not the same, but they
are assigned in the best possible way. It is visible that for all damage grades for the same
PGA, the probability of exceedance (PoE) of our derived functions is smaller than for the
curves of Rota et al. Compared to the ESRM20 functions, our derived fragility functions
are more conservative (higher PoE) for the first three damage grades, but not for the last
two damage states for higher PGA. Additionally, due to the varying standard deviation,
the shapes of the curves are different. The comparison shows that the existing fragility
functions in the literature, in general, vary strongly. The differences can be explained due to
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the different analysis methodologies as well as damage thresholds. Moreover, the influence
of the parameters described in Section 3.2 on the final curves has to be considered.
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Figure 9. Comparison of four derived fragility functions to existing fragility functions in [4,6].

It has to be taken into consideration that this specific example was chosen to present
the determination of the damage grades with our own multiscale criteria approach. To
develop fragility functions for general building classes, numerous simulations for varying
material characteristics, reinforcement ratios and arrangements, cross-sectional dimensions
as well as different directions are necessary. This explains why the standard deviation
of the presented example is smaller than those of a similar building class of ESRM20 [4],
which is based on a great number of analyses for many variations.

5. Conclusions and Outlook

This paper presents a new multiscale approach for earthquake damage criteria us-
ing non-linear static analysis of RC buildings. Material-specific as well as global criteria
are essential for investigating the seismic behaviour at different scales, linking it to ob-
served damages of previous earthquakes and detecting damages that are not evident in
the pushover curve. The results of the pushover analysis—the overall distribution and
the damage grade thresholds—are the basis for the development of fragility functions.
In contrast to previous approaches, which are only based on drifts, the new approach
includes various possible damage patterns in the damage grade limit values. Lognormally
distributed fragility functions were developed by applying the Vulnerability Modellers
Toolkit by Martins et al. [31]. The whole procedure is demonstrated for a four-storey RC
frame building to show the application of the new approach. The results of four simulations
are validated and verified in comparison to existing approaches (e.g., [4,6]). The compar-
isons for the displacement values and the final fragility curves show good agreement. The
new approach applies to all classes of reinforced concrete buildings and can be adapted
to specifications of different regions and construction types as well as material properties.
This makes the approach universally valid and usable for further investigations.

For deriving general fragility curves for building classes, numerous simulations with
varying material characteristics, reinforcement and dimensions are fundamental to repre-
sent the variability. In addition, regional characteristics have to be considered to represent
the fragility correctly. Moreover, analysis methodology and previously presented mod-
elling parameters have to be taken into account since they influence the resulting fragility
functions.

In the future, detailed fragility functions for various building classes will be derived.
With aid of these fragility functions, the assessment of buildings on the basis of average
expected loss for a particular region and earthquakes will be possible. In addition, further
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investigations will be conducted for masonry buildings as well as the combination of RC
and masonry. The resulting fragility functions will be part of the initial damage forecast
that is developed in the research project LOKI [16].
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