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Abstract

This paper presents a seismic vulnerability analysis of historic brick masonry buildings in
Vienna, Austria from the period of the Austro-Hungarian monarchy (1840-1918). The vul-
nerability study is based on comprehensive data from the devastating earthquake damage
to the masonry buildings in Zagreb, Croatia on March 22, 2020, which are from the Aus-
tro-Hungarian monarchy and comparable to Viennese buildings from that period, as well
as on comprehensive numerical structural analyses calibrated on in situ test series. The
statistical analysis of the earthquake damage to the Zagreb masonry stock and the com-
prehensive numerical simulations, allowed profound conclusions about the proportional
damage distribution over individual structural areas of the masonry buildings, considering
construction-specific characteristics such as the building height, the structural regularity/
irregularity or the construction type under the ground level. This study enhances the still
limited knowledge about the vulnerability of the historic brick masonry buildings from the
period of the Austro-Hungarian monarchy and allows extensive conclusions about the seis-
mic vulnerability of these buildings.

Keywords Earthquake - Masonry buildings - Seismic vulnerability - Numerical structural
analyses

1 Introduction

The risk assessment of the seismic vulnerability of historic brick masonry buildings is a

challenging topic in Vienna, Austria due to the construction- and material-specific char-
acteristics as well as the absence of seismic events with building damage. In Vienna, the
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occurrence of earthquakes with building damage is observed in a very irregular sequence.
Due to the rarity of earthquakes, the historic brick-masonry building stock has not been
subjected to any tests so far in the last decades to be able to draw any conclusions on the
seismic vulnerability. However, historical earthquakes have shown that the seismic risk of
Vienna cannot be ignored (Hammerl and Lenhardt 2013). To provide a qualitative and real-
istic assessment of the vulnerability of the Viennese historic brick masonry buildings under
seismic events, a comprehensive data base of observed structural damage to the masonry
stock is essential. A pure extrapolation of historical earthquake damage, such as the well-
documented damage to the Viennese stock caused by the historical earthquake of “Ried
am Riederberg” in 1590 (Gutdeutsch et al. 1987) is limited and can only be done with cau-
tion because of the historically strong earthquake events which took place far in the past,
there is no clear transferability to the characteristic masonry stock from the period of the
Austro-Hungarian monarchy (Hammerl and Lenhardt 2013). Earthquake damage data of
lower earthquake intensities are available, yet do not clearly identify the bearing capacity
reserves of the masonry stock from the period of the Austro-Hungarian monarchy under
seismic events (Duma 1988). For example, the last stronger earthquake in the Vienna area,
the so-called “Seebenstein earthquake” in 1972, with an intensity of 6°-7° according to
EMS-98 (Grunthal et al. 1998), resulted mainly in damage to non-structural elements of
the historic brick masonry stock (Duma 1988). The observed damage, mainly at two- to
four-story buildings, included hundreds of damaged chimneys, damage to parapets and bal-
ustrades, and a whole series of consequential damage from collapse in attics and on traffic
areas. There were reports of slight damage in upper stories, such as plaster damage, small
cracks in walls, and cracks in windowpanes. Building damage to structural components or
partial building collapse were not reported in Vienna (Drimmel and Duma 1974).

This paper provides a comprehensive analysis not only of the global structural behavior,
but also of the non-structural behavior under seismic influence of brick masonry build-
ings from the period of the Austro-Hungarian monarchy. With the main aim to gain more
knowledge of the structural behavior of historic brick masonry under earthquakes and to
analyze the still relatively limited knowledge about seismic vulnerability of the historic
brick masonry stock in Vienna and to emphasize the influence of specific building charac-
teristics on seismic safety. Earthquake damages of past seismic events, such as the Zagreb
earthquake 2020 (Atalic et al. 2021b) or even the L’Aquila earthquake 2009 (Augenti and
Parisi 2010), show that significant economic and ecological losses are due to damage to
non-structural components. The potential for substantial damage from non-structural com-
ponents, as well as local failure and local damage mechanisms in areas of lower seismicity
are a further motivation for this detailed investigation. National as well as international
building standards, such as according to Eurocode 8 (ON EN 1998-3 2013), FEMA P-154
(FEMA P-154 2015), STA 269/8 (SIA 269/8 2017) or assessments, such as according to
(Meskouris et al. 2001; D’Ayala and Speranza 2002; Achs and Adam 2012b) provide a
valuable basis for the evaluation of existing buildings due to earthquakes. A good overview
of possible assessment methods is given in (Calvi et al. 2006). The building standards often
deal with different building types, which means that the specific properties of the Viennese
historic brick masonry buildings cannot always be clearly covered.

In the last decades, intensive experimental and theoretical investigations have been car-
ried out, which have contributed to a significant improvement of the knowledge about the
dynamic structural behavior of historic brick masonry buildings in Vienna. Particularly
experimental tests on constituents of the historic masonry (Furtmiiller et al 2012; Dun-
jic 2018) up to tests on wall level (Zimmermann and Strauss 2012) were performed and
efficient numerical material models (Lu and Heuer 2007; Furtmiiller and Adam 2011)
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were presented. Furthermore, in (Achs and Adam 2012a; Kopf and Adam 2014) extensive
measurement investigations of the dynamic behavior provided valuable knowledge of the
influence of individual structural elements (such as the partition walls, etc.) on the global
dynamic system. The work of (Achs and Adam 2012b) presents a rapid-visual-screening
(RVS) method for a rapid seismic assessment developed to historic brick masonry build-
ings, where both the physical vulnerability and the socio-economic vulnerability are con-
sidered and provides new findings of the vulnerability of historic brick masonry buildings.
In addition, efficient numerical and analytical methods for describing the load-bearing
behavior of individual historic masonry walls were presented in (Rudisch et al 2017,
Moschen et al 2019).

The first part of this paper analyzes the seismic vulnerability of the historic brick
masonry buildings based on the earthquake damage observed after the earthquake in
Zagreb, Croatia on March 22, 2020. The considered buildings in Zagreb are from the
period of the Austro-Hungarian monarchy from 1840 to 1918 and are comparable or iden-
tical to Viennese buildings from that period, as many structures were built by Austrian
planners/builders. The analyze of the earthquake damage allow a qualitative and realistic
assessment of the vulnerability of the historic brick masonry buildings. For a detailed dam-
age analysis within the building typology, a building block in the Zagreb city center was
used, which is representative for the historic brick masonry buildings of Zagreb. Based
on the well-documented damage database (HCPI database 2020), extensive conclusions
about the proportional damage distribution over individual structural areas of the masonry
buildings are made possible. The statistical acquisition and processing of the damage data
allowed the derivation of modified vulnerability functions (Schwarz et al. 2010) for indi-
vidual structural areas, considering construction-specific characteristics such as building
height, structural regularity/irregularity or construction type under the ground level (cellar,
basement). Influences of weathering, past seismic events, war impacts or non-professional
reconstructions/additions over the decades could not always be clearly determined. The cri-
teria for determining the grade of damage (D0-D5) follow detailed rules, whereby the cri-
teria are in accordance with the EMS-98 scale (Grunthal et al. 1998) as well as (Anagnost-
opoulos and Moretti 2008; Uros et al. 2020). The empirical vulnerability functions allow
the comparison among individual structural areas as well as the evaluation of the propor-
tional damage distribution under construction-specific characteristics. Through the statisti-
cal analysis the vulnerable structural as well as the non-structural areas can be located, and
the underlying damage trends can be identified, which represents a significant increase in
value, as the vulnerability of individual building areas of historic brick masonry buildings
in Vienna is generally little known.

The second part of the paper presents an extended reliable evaluation of the structural
behavior of the historic brick masonry buildings obtained by using probabilistic dynamic
FE time history analysis (ANSYS). Considered are the cases (a) 5-story building and (b)
3-story building with regularity in plane and elevation that follow the concept from (Kra-
kora and Bauer 2014). For a good comparison of the structural behavior under dynamic
loading, the material behavior with its strong dissipative properties was calibrated using
extensive in-situ shear test series on masonry walls of a 4-story masonry building (Dunjic
2018). To reproduce the full range of possible structural responses due to dynamic loading,
accelerograms of past earthquakes with significant earthquake properties related to energy
content, frequency content, amplitude and duration (Bommer and Acevedo 2004) were
used and matched for the Vienna area. The earthquake engineering software Seismosoft
(SeismoMatch 2020) allows to match of a site-specific target response spectrum by using
real earthquake accelerograms. The use of test-based numerical simulations enabled a
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significantly improved identification of critical structural areas in Viennese masonry build-
ings. Furthermore, the numerical simulations show excellent agreement with the critical
structural regions presented in the first part of this work. Vulnerable structural areas under
dynamic load were presented as the total strain g, (Simo and Hughes 1998; Kita et al.
2020). The plastic strain allows to identify the areas in which local load shifting or mate-
rial failure/crack formation take place (Dynardo 2018). The obtained results were given
as maximum relative inter-story drifts (Meskouris et al. 2011) and peak horizontal floor
acceleration amplification (PHFA/PGA) along the building height (Chaudhuri and Hutch-
inson 2004). For comparison, the currently valid thresholds according to EC 8 were also
given and discussed.

2 Seismic vulnerability of historic brick masonry
buildings - earthquake of Zagreb on March 22, 2020

The earthquake damage to the masonry buildings of Zagreb, Croatia, after the Zagreb
earthquake on March 22, 2020, is used with the goal to identify and evaluate critical struc-
tural areas. The My,5.4 earthquake of Zagreb was the strongest earthquake in Zagreb since
the M, 6.2 earthquake of 1880 (Atalic et al. 2021b; Simovic 2000). The earthquake in 2020
showed a ground motion of more than 0.2 g and a maximum spectral acceleration of about
0.6 g at 0.1 s (Atalic et al. 2021b). The ground motion was felt throughout Croatia and
even in parts of Austria (ZAMG 2020). In the area in and around Zagreb, seismic activity
is significantly higher than in Vienna (ON B 1998-1 2017). The expected horizontal peak
ground acceleration according to the Earthquake Hazard Map of Republic of Croatia for
the Zagreb area is up to 0.28 g for a return period of a 475-year earthquake according to
HRN EN 1998 (Herak et al. 2011) and up to 0.08 g for Vienna area (ON B 1998-1 2017).
The Zagreb earthquake caused major damage to buildings, especially to the city’s historical
and cultural heritage, which showed significantly higher seismic vulnerability compared
to buildings made of reinforced concrete or concrete frame buildings with unreinforced
masonry infill walls. A pronounced damage pattern was found in the city center, especially
in the three- to five-story masonry buildings from the period of the Austro-Hungarian mon-
archy to 1918 (Savor Novak et al. 2020; Atalic et al. 2021b).

2.1 Classification of buildings

For this study a perimeter building block with 35 historic brick masonry buildings in the
Zagreb city center was selected. This block is representative of the Zagreb masonry build-
ings and serves as a basis for research investigations as well as possible retrofitting meas-
ures. In the investigated block area, masonry buildings with flexible ceiling and roof dia-
phragms predominate, which were built mainly before 1918. The buildings were classified
based on extensive building data, construction plans and other recorded data. Based on
the database (HCPI database 2020) and construction plans, it was possible to clearly iden-
tify the building construction (type of construction, year of construction, structural design,
etc.), as well as to trace individual reconstructions/additions as far as possible. The char-
acteristic masonry construction method consists of solid masonry bearing (longitudinal)
walls in wall thicknesses of 30-90 cm and slender nonbearing (transverse) walls in wall
thicknesses of 15-30 cm. The masonry structure was built of solid bricks laid in pattern
and mainly lime mortar. Timber joist ceilings are the predominant type of ceiling. Massive
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ceilings were used above the underground story (Savor Novak et al. 2020). The founda-
tions were mostly made as masonry wall footing to distribute loads of the structural bear-
ing walls to the ground. In most cases, the width of the wall foundation was usually the
same width of the wall and was made by the same masonry material as the vertical struc-
ture wall. In some cases, underground walls were also reinforced. It should also be noted
that due to the much stronger wall structures and with the massive ceiling structures, the
underground stories have a much higher stiffness than the upper stories. The detailed con-
struction plans allow a clear classification according to occurring building characteristics
and provides the basis for an analysis for statistical comparison of emerging damage dis-
tributions under certain building characteristics. Furthermore, in the case of mixed con-
struction types, e.g., different ceiling systems, the non-dominant type is neglected. Double
classification occurs only when different systems occur with equal significance (D’Amato
et al. 2020). Figure 1 shows the proportional distributions of the occurring building char-
acteristics in the form of histograms as well as their cumulative percentage, which will be
comprehensively investigated in the further study.

The distribution by building characteristics shows that about 80% of the buildings have
a story number of 3 and 4 (without underground story and attic). The attics are primarily
not extended. More than 90% of the buildings have an underground story (cellar, base-
ments, or partial cellar/basements). A classification was also made according to the type
of underground story. It was possible to identify 4 types of underground stories: buildings
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with cellars, buildings with basements, buildings with partial cellars/basements and build-
ings without cellar/basement. Cellar means that it is completely below the level of the
ground or curb. Basements (Souterrains) means that part of the room height of the base-
ment is above the level of the ground or curb. The irregularity in plan is characterized
by L-, T- or U-shaped plans where the floor area of the projecting building wing (A2)
is greater than 0.15X Al (Al: floor area main building) or the ratio of building length to
building width is>4 (Achs and Adam 2012b). The classification as irregularity in eleva-
tion was made if several or all of the shear walls in individual stories (e.g. soft ground
floor, etc.) were not present or were replaced by columns/piers (Achs and Adam 2012b).
The distribution of average floor areas (Fig. 1d) and average story heights (Fig. le) is also
shown. The individual building parameters are well dispersed among each other and are
sufficiently available to provide a qualitative statement about the emerging damage trend
under specific building characteristics. Influences of weathering, past seismic events, war
impacts or non-professional reconstructions/additions over the decades could not always
be clearly determined. Primarily, a poorer masonry quality is assumed, especially about
mortar quality (Savor Novak et al. 2020). Based on the location of the building block (no
slope) and the spatial distribution of the earthquake damage, which was not irregular, it can
be assumed that the seismic events that occurred were very likely to be approximately the
same over the building block area and that there were no significant influences from local
ground amplification effects.

2.2 Definition of the grades of damage and damage patterns

To be able to evaluate individual structural areas, such as bearing and nonbearing masonry
walls, staircase, ceilings and attic of the masonry buildings on the basis of damage indica-
tors, the damage grades (D0-DS5) are defined in accordance with the EMS-98 (Grunthal
et al. 1998; Uros et al. 2020) as well as (Anagnostopoulos and Moretti 2008). These dam-
age grades are given in detail in Fig. 2 with the corresponding example damage pictures
as well as with the corresponding description. The building inspections and the detailed
pictorial as well as written records of the earthquake damage (HCPI database 2020) imme-
diately after the seismic events made it possible to classify the earthquake damage and to
compare the damage distribution over individual structural areas. In this study, the crite-
rion of maximum observed damage in the considered structural area is used to determine
the grade of damage (D0-D5) (D’Amato et al. 2020). When defining the evaluation of the
damage level, this study does not distinguish between structural areas, such as bearing and
nonbearing masonry (e.g., partition walls, gable walls, etc.), in order to clearly identify the
correlation between building characteristics and the damage distribution.

2.3 Statistical assessment of the seismic vulnerability

The observed earthquake damage is reproduced using modified empirical vulnerability
functions (Schwarz et al. 2010). The proportional damage distribution over the individual
structural areas of the analyzed building block with 35 historic brick masonry buildings is
shown in Fig. 3.

It can be clearly seen that the most severe damage is recorded in the attic area. The
damage percentage of very heavy damage (D4) in the attic exceeds 60% of the inspected
buildings. The damages were the predominant throwing off of unbraced chimneys, partial
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Definition of damage levels (D0-D5)

DO D1 D2 D3 D4 D5
Light damage Moderate damage Heavy damage Very heavy damage o
Fine cracks - mainly hairline, |Clearly fromed cracks in the |Severe cracking at plaster Failure of the masonry 4

&, |cracks in the plaster plaster, small plaster level, major plaster peeling, |structure - broken bricks, =
4 delamination's loosening of masonry joints, |failure of individual structural | §
E loose bricks falling from elements (steps, ceilings) ©
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Bearing masonry

Staircase

Not observed

Damage pattern by structural area
Nonbearing masonry

Not observed

Ceilings

Attic

Fig.2 Definition of damage grades and example patterns of damaged structural areas by the Zagreb earth-
quake on March 22, 2020. Author pictures: Mario Todoric (HCPI database 2020)

throwing off of brick gable walls and destroyed domes, parapets, roof structures and non-
bearing masonry walls to the staircase (cf. Fig. 2).

The bearing masonry (primarily longitudinal walls) shows a moderate damage distribu-
tion with a proportional probability of occurrence of moderate damage (D2) of 29% and
heavy damage (D3) of 31%. Very heavy damage D4 occurs to the bearing masonry in ~
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10% of the structures inspected. The damage concentration was in areas of large stiffness
changes and in areas of masonry openings (windows, doors). The nonbearing masonry
shows a similar damage distribution. The damage concentration (shear and tensile cracks)
was predominantly in areas of wall openings and in the connection areas to the bearing
walls as well as to the ceilings and isolated shear cracks. Similarly, very heavy damage
(D4) was recorded in some cases on the nonbearing walls between the attic and the stair-
case. Very heavy damage to the nonbearing fire walls was not recorded. Primarily, cracks
in the nonbearing firewalls were observed in the connection areas (see Fig. 2) to the load-
bearing longitudinal walls on the higher stories (Fig. 3).

The staircase represents the structural area of the masonry buildings that shows the
highest percentage of damage (18%) of very heavy damage (D4) to structural building ele-
ments. Primarily, very heavy damage was identified in areas of window and door openings
and in the connection areas of different wall stiffness—connection staircase/main build-
ing. In isolated cases, very heavy damage to staircase structures (destruction of individual
steps, etc.) was also recorded.

The ceiling structures, mainly in the form of timber joist ceilings, did not show any
structural damage. The damage patterns confirmed the typical flexible structural response
that occurs under earthquake action, in where the damage, such as plaster cracking and
spalling, was concentrated along the individual timber joists as well as the wall connection
areas. The observed damage implies a significant bending stress on the individual timber
beams as well as the relative deformations to the wall connection areas between the indi-
vidual structural elements (Savor Novak et al. 2020).

In the underground stories, no predominant earthquake damage in the masonry and in
the massive ceiling structures was found. A comprehensive reproduction of the Zagreb
earthquake damage is shown in the works of (Savor Novak et al. 2020; Uros et al. 2020;
Atalic et al. 2021b) as well as (Greguric, forthcoming).

2.4 Seismic damage distribution under certain building characteristics
The data collection confirmed that a higher damage density is not only to be expected

due to the building type (vulnerability class B to EMS-98) or, for example, in areas of
local soil amplification effects, but that building characteristics can also significantly
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influence the damage distribution, primarily in the historic brick masonry buildings.
Figure 4 illustrates the proportional damage distribution of the recorded maximum
damage grades under specific building characteristics using empirical vulnerability
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Fig.4 Proportional damage distribution for individual structural areas (bearing and nonbearing masonry,
staircase, ceilings and attic) considering specific building characteristics (story number, ir-/regularity and
type of underground story) of the investigated building block
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functions (Schwarz et al. 2010). It can be clearly seen that under certain building char-
acteristics, previously described in Fig. 1, an emerging damage trend can be observed.

o Building height

The vulnerability functions in Fig. 4a, d, g, j, m illustrate the damage distribution in
relation to the building height over the individual structural areas. It can be seen that as
the number of stories increases, the number of undamaged structural areas such as bear-
ing and nonbearing masonry, ceiling systems, decreases. Buildings with 4 floors show a
clear increase in the proportional damage distribution of moderate (D2) and heavy damage
(D3) in the bearing, nonbearing masonry (partition walls) and in the staircase, especially
on higher building stories. In contrast to the shorter buildings (2 and 3 stories), earthquake
damage is observed in all 4-story buildings. The observed damage trend among the build-
ing heights is also reflected in the ceiling areas, except that no very heavy damage (D4) is
recorded due to the specific flexible construction type (timber joisted floors). A specific
influence under building height on the distribution of damage in the attic could not be
clearly identified. High seismic damage is noted in the attics across all building heights.

e Structural regularity

The resulting vulnerability functions as a function of regularity in plan and elevation
(Fig. 4b, e, h, k, n) confirm their positive influence on the vulnerability of the masonry
buildings due to earthquakes. A clear flattening of the higher degrees of damage over the
individual structural areas can be observed. Very heavy damage is not detected in the bear-
ing and nonbearing masonry. The average proportional damage percentage of undamaged
structural areas is 24%. The positive influence is also observed in acceleration-sensitive
elements in the attic with a lower proportional percentage (43%) of very heavy damage
(D4). The vulnerability functions confirm that masonry buildings with regular arrangement
of bearing structural elements achieve significantly lower vulnerability to seismic events
compared to irregular arrangement.

e Structural irregularity

The comparison of the influence of the irregularity of load-bearing structural elements
to the regularity shows a significant increase in the occurring damage grades of moderate
(D2), heavy (D3) and very heavy damage (D4). The trend of damage increase occurs in
all structural areas and confirms the negative influence on the dynamic structural response
under earthquake. The highest proportional structural damage percentage of very heavy
damage (D4) is recorded in the staircase of 25%, which is a result of the often-characteristic
eccentric location of the staircase in the building floor plan and the often-poor connection
to the main building. The proportional damage level of very heavy damage (D4) shows a
significant increase in occurrence to over 75% in the attic (nonbearing structural elements).

e Underground execution

Remarkable is the trend of damage distribution that occurs under certain characteristics
of the execution of the underground story (Fig. 4c, f, i, I, 0). A partial cellar/basement
leads to a significantly higher damage percentage of heavy (D3) and very heavy damage
(D4) over all structural areas in the above-ground stories. Buildings with cellar (completely
below the level of ground or curb) are characterized by a moderate damage distribution
over the individual structural areas. The positive influence on the resulting damage distri-
bution in buildings with a basement (Souterrain) is to be emphasized. Buildings with base-
ments show a significant decrease in heavy (D3) as well as very heavy damage (D4) over
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all structural areas. Due to the small number (3) of buildings without a cellar, it was not
possible to produce a statistical comparison of the damage distribution.

In summary, it can be stated that the seismic vulnerability study of the historic brick
masonry buildings of Zagreb confirms the higher degree of damage occurring under the
known construction-specific building characteristics, such as increasing number of stories,
irregularity in plan and elevation. The positive influence of regularity in plan and elevation
on the resulting damage distribution was also illustrated (cf. Fig. 4). Also, certain types of
cellar/basement designs, such as a partial cellar/basement, showed significant amplification
effects in the damage distribution, which are rarely or not at all taken into account in the
assessment in the current standards. It is illustrated that the large difference in the stiffness
distribution of partial cellars/basements has a significant negative influence on the struc-
tural responses of the upper constructure under earthquake loads. In many studies con-
cerning the assessment of earthquake damage or the construction of fragility curves, the
assumption is made that a sufficiently rigid cellar/basement can be assumed, which does
not seem to be appropriate, especially for masonry buildings with partial cellar/basements.
Buildings with basements (Souterrains) in contrast to buildings with cellar, showed a flat-
tening of heavy (D3) and very heavy damage grades (D4) in all structural areas. This is
due to the lack of effect of stiffening with increasing embedment (Meinhardt 2008), as the
masonry buildings, unlike new buildings, do not have a rigid foundation (concrete slab),
as well as due to the characteristic construction (often without transverse walls and wall
foundation), the vulnerability to seismic events is increased with increasing embedment.
Work such as (Loli et al. 2015) has shown the influence of different foundation types in
masonry buildings against dynamic effects. The influence of the brick-built walls and foun-
dation of the historic masonry buildings and the associated soil-structure interaction on the
structural response requires more detailed analysis. A possible positive effect on the struc-
tural response under seismic events, which could be achieved by a retrofitted foundation
reinforcement (insertion of concrete slab), would be of essential importance in the historic
brick masonry buildings, primarily in heritage buildings from that period. The vulnerabil-
ity functions confirm that the influence of regularity/irregularity has a significant impact
on the damage patterns across attics. Buildings with irregularities in the floor plan show
significant amplification effects of the damage level in the attics, which are not observed
in this way under other building characteristics. For example, no divergent damage trends
could be identified in the attic under the building height, which would suggest similar
acceleration responses in the attic under different building heights (2, 3 and 4 stories). It
must also be noted that the block development of the buildings (building next to building)
could have an influence on the individual structural responses, especially in the case of
neighboring houses with different building heights, which could not be clearly reproduced
in this work. It could only be observed that the occurring earthquake damage was more
frequent for freestanding gable walls, especially for buildings that have a higher building
height than the neighboring building.

The study confirms that specific building characteristics within the typological classifi-
cation of the historic brick masonry building have a clear influence on the expected damage
level as well as distribution over the individual structural areas. In the work of (Achs and
Adam 2012b) an efficient rapid-visual-screening (RVS)-method for seismic assessment of
historic brick masonry buildings with 9 structural parameters (SP) and 5 damage relevance
parameters (DR) is presented. The influence of the presented structural parameters (ir-/
regularity in plan, elevation, etc.) could be confirmed by the evaluation of the earthquake
damage. In addition, other significant structure-specific parameters, such as the execution
of the underground story or the high vulnerability of free-standing gable walls, etc., could
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be identified as further influencing factors in the assessment method. A detailed overview
of the RVS method for historic brick masonry buildings is given in (Achs 2011; Achs and
Adam 2012b). In addition, a simple typological consideration of the earthquake damage
due to the characteristic construction without reference to the presented constructional spe-
cificities easily leads to an overestimation of the earthquake intensity, primarily in areas of
moderate seismicity, such as Vienna area (Drimmel and Duma 1974).

3 Nonlinear dynamic analysis of the behavior of the historic brick
masonry buildings

Due to the rarity of earthquakes with building damage on the Viennese historic brick
masonry stock, representative data on the seismic vulnerability are not available. Therefore,
the vulnerability study on the comparable/ident masonry stock of Zagreb allowed a realistic
and differentiated assessment of the complex structural response of this building typology
under a strong earthquake event. The vulnerability assessment, however, contains qualita-
tive results about the influence of certain specific building characteristics on the damage
distribution, which is an essential basis for the assessment of the historic brick masonry
buildings under seismic events. The second part of this work allows a comprehensive identi-
fication of possible structural responses of these Viennese buildings under dynamic loading,
as well as the validation of critical structural areas in the masonry from the vulnerability
study in the first part. The evaluation of the behavior of the historic brick masonry build-
ings under dynamic loading is achieved by reliable probabilistic numerical FE time history
analysis (ANSYS). The cases (a) 5-story masonry building and (b) 3-story masonry build-
ing with a "typical" Viennese masonry building floor plan, which follows the concept from
(Krakora and Bauer 2014), are used for the in-depth numerical analysis and are shown in
Fig. 5. As described in the first part of the paper, the floor slabs in historic brick masonry
buildings consist mainly of timber joist ceilings (Kolbitsch 1989). Only a low shear effect
can be attributed to the timber joist ceiling systems due to their characteristic construction
structure. The flexible structural response of the timber joist systems was confirmed in the
first part of this paper. Likewise, crack opening widths of up to 5 cm to the load-bearing lon-
gitudinal walls could be observed in the investigation of the earthquake damage in Zagreb,
which indicates the partially insufficient connections of the joist (timber joist—masonry).
The area loads for the floor ceilings were considered to be 2.30 kN/m? (timber joist ceil-
ing +upper construction) and the area load of the ceiling to the attic to be 3.50 kN/m? (tim-
ber floor ceiling + upper construction) and the roof construction to be 0.70 kN/m? according
to (Krakora and Bauer 2014). The area loads of the unidirectional ceiling structures as well
as the quasi-permanent values of the live loads (2.00 kN/m? in the floors and 1.00 kN/m? in
the attic) were assigned to the load-bearing longitudinal walls (middle wall, outside walls)
for each floor (see Fig. 5). Due to the design-related vertical ceiling load transfer, because
of the larger area and the resulting of influence the middle wall is subjected to higher verti-
cal loads than the longitudinal outside walls. For the determination of the masonry mass,
the walls own weight is taken into account via the spatial models. Furthermore, as a con-
sequence of the low influence of the roof structure on the global dynamic behavior, a mod-
eling of the roof structure in the spatial model was not required. The expected low influence
could be shown in the work (Achs 2011; Achs et al. 2011) by comprehensive measurement
experiments in historic brick masonry stock in Vienna. As a result of the presence of timber
joist ceiling systems with low shear strength and insufficient ceiling-wall connections the
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Fig.5 Floor plan and elevation of the case studies (a) and (b) of a Viennese historic brick masonry refer-
ence building (dimensions in cm), modified from (Krakora and Bauer 2014)

individual masonry walls of the historic brick masonry buildings can be considered without
the ceiling-masonry interaction. The possible higher global building strength due to the at
least partial interaction between these elements is therefore not considered. This approach
has also been followed in previous research, as (Rudisch et al. 2017; Moschen et al. 2019,
etc.). For the scope of the study, the identification and location of critical structural areas
in the masonry, the selected models are considered appropriate and allow also direct com-
parison with past research (Rudisch et al. 2017; Moschen et al. 2019, etc.). Moreover a
good correlation of the observed critical structural areas from the first part of the paper is
achieved in the numerical simulations (cf. Figs. 2, 6, 7 8, and 9).

3.1 Behavior of masonry under dynamic loading

The material- and construction-specific properties of the masonry require a complex sys-
tem approach. The masonry structure with its specific material behavior is characterized
by its strongly nonlinear material behavior, its material-specific failure mechanisms as well
as its load redistribution (Schlegel et al., 2004). A hysteretic material behavior which can
reproduce these material specific properties under dynamic loading is of essential impor-
tance (Bommer et al. 2004).

To describe the orthotropic masonry properties, a powerful macro model of the material
database multiPlas is used for a robust numerical analysis and implemented in ANSYS.
The material model based on the Ganz yield criterion (Ganz 1985) was extended to a spa-
tial model and implemented in multiPlas (Dynardo 2018). The multi-surface yield con-
dition (Fig. 6) is composed of individual failure criteria (yield criteria), which represent
the individual failure mechanisms (stone, joint, bond failure, etc.) of a regular masonry
bond (Dynardo 2018). The meaning of the individual yield criteria is also given in Fig. 6.
The nonlinear stress—strain behavior of masonry is described by appropriate softening and
hardening models (Schlegel 2004). In particular, by including the anisotropic deformation
and cracking behavior that depends on the loading condition, as well as the inclusion of
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Fio(Fig) tensile failure of masonry parallel to bed joints (joint failure)

Fig. 6 Yield surface of the material model for regular masonry (Dynardo 2018; Schlegel 2004)

the masonry bond (brick dimensions), an efficient and realistic prediction capability of the
masonry structure under cyclic loading is achieved.

The dynamic structural response of an old masonry building is strongly influenced by
the degradation and hardening behavior. The implementation of such degradations enables
the consideration of hysteretic material behavior under cyclic loading. The material dam-
age is described by a decrease in initial strengths after failure. Exceeding the shear strength
results in an exponential decrease of the cohesion ¢ and a linear reduction of the initial
friction angle to a residual friction angle. Accordingly, the transmission of shear forces via
friction is only permitted to a limited extent. The tensile strength decreases progressively
to zero due to progressive crack formation in the bearing joint. The dispersion of the crack
widths is described by the fracture energy, while the softening is described by the plastic
strain that occurs. For example, the occurrence of a tensile crack in the bearing joint causes
the decrease in tensile strength and the decrease in cohesion due to the deterioration of the
adhesion bond. The failure/opening of the mortar joint normal to the joint plane can be
described in shear failure with the dilatancy angle (Dynardo 2018). A detailed description
of the macro model can be found in the work of (Schlegel 2004).

At this point, it is also important to consider that other robust spatial material models for
masonry have been presented in the literature, such as (Lu and Heuer 2007; Jordan 2011;
Furtmiiller et al. 2012), etc. The material models of (Lu and Heuer 2007) and (Furtmiil-
ler et al. 2012) are efficient simplifications of the failure functions defined by Ganz (Ganz
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1985). Most importantly, the work (Furtmiiller et al. 2012) presents a macromodel for his-
toric masonry that was developed for historic brick masonry to achieve efficient structural
analyses of walls in historic buildings. The performed comparative numerical simulations
of experimental tests show impressively that the derived material models reproduce well
the masonry failure under combined loading in the simulations.

3.2 Calibration of the masonry material model

The calibration of the masonry material model was achieved by well-documented in-situ
shear tests on representative masonry walls as well as by three-brick test (Dunjic 2018).
The verification on quasi-static test series in an existing Viennese historic brick masonry
building allows a significantly improved description of the material behavior under com-
bined loading. The test series could be successfully realized on four 30 cm thick parti-
tion walls of a 4-story building. The results of the in-situ shear tests are shown in Table 1
(column: In-situ shear tests, bold values). The initial shear strength at the plane of the
bedding joint between the historic brick and mortar was determined on three-block tests
(Dunjic 2018). Table 1 shows the in-plane damage limit states obtained from the in-situ
shear tests (Dunjic 2018) according to (Tomazevic 1999). A comprehensive reproduction
of the experimental procedure can be found in (Dunjic 2018). The mechanical properties
of the late historic brick masonry of Vienna correlate with the mechanical masonry proper-
ties from Zagreb and confirm the strong similarity of the buildings. For example, masonry
brick tests in 14 buildings from the Zagreb masonry stock resulted in compressive strength
values of 6.45—24.20 MPa (Atalic et al. 2021a). The compressive strength of the Viennese
bricks is 6.00—25.00 MPa for ordinary to good bricks (Kolbitsch 1989). This good cor-
relation of mechanical properties is also observed for the other mechanical properties of
the masonry walls. For comparison, other experimentally obtained damage thresholds from
laboratory or in-situ experimental tests on whole houses or masonry walls are given from
(D’Ayala 2013). The thresholds from (Zimmermann and Strauss 2012) refer to cyclic as
well as quasi-static tests on Viennese historic brick masonry walls. Furthermore, the dam-
age threshold values according to EC 8 (ON EN 1998-3 2013) are also shown.

Table 2 shows the material parameters achieved by the in-situ tests. The detailed mate-
rial calibration is given in (Rudisch et al.2017) and (Karic et al. 2019). In addition, charac-
teristic parameters from the literature (Furtmiiller and Adam 2011; Furtmiiller et al. 2012;
Zimmermann and Strauss 2012) and (Schubert 2010) were used to optimize the material
model. The brick geometry of the old Austrian format of 290X 140X 65 mm (Kolbitsch
1989) with a head and longitudinal joints overlap was considered in the macromodel
(Dynardo 2018). With the consideration of the strong degrading material properties (cf.
Table 2) of the material model, a realistic analysis under dynamic loading is achieved. An
adequate hysteretic material behavior was achieved and can be found in detail in the work
of (Rudisch et al. 2017).

The dynamic characteristics of the generated spatial models’ case (a) with f; =2.54 Hz,
f,=2.64 Hz and case (b) with f; =3.38 Hz, f,=4.38 Hz correlate with dynamic experimen-
tal tests in similar masonry building in previous research (Achs et al. 2011). To generate
acceptable dynamic structural responses, the structural damping is essential (Chopra 2019).
Lehr’s damping ratio of {=4% was estimated for both structural models (Achs 2011),
which would appear appropriate for direct comparison of the structural responses (Cruz
and Miranda 2016). Structural damping is accounted by the classical Rayleigh damping
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Table 2 Material parameters of the calibrated macro model (Karic et al. 2019)

Parameters

Physical unit

Elastic properties

E-modulus of masonry normal to bed joints (x-direction)
E-modulus of masonry normal to head joints (y-direction)
E-modulus of masonry normal to longitudinal joints (z-direction)
Poisson’s ratio

Shear modulus—xy

Shear modulus—yz, xz

Strength parameters

Uniaxial compressive strength of masonry normal to bed joints
Uniaxial compressive strength of masonry normal to head joints
Uniaxial compressive strength of masonry normal to longitudinal joints
Uniaxial tensile strength of masonry normal to bed joints
Uniaxial tensile strength of masonry normal to head joints
Uniaxial tensile strength of masonry normal to longitudinal joints
Residual tensile strength

Cohesion of bed joints

Residual cohesion of bed joints

Friction angle of bed joints

Residual friction angle of bed joints

Dilatancy angle of bed joints

Mode I fracture energy—tensile failure normal to bed joints
Mode I fracture energy—tensile failure of stone (horizontal)
Mode II fracture energy—shear failure of bed joints

Softening variable (plastic strain)

E, =850 [N/mm?]

E, =283 [N/mm’]
E,=283 [N/mm?]

Vyy = Vy, =V, =0.026 [-]
G,, =102 [N/mm’]
G,,=G,,=76.5 [N/mm’]

£, =3.69 [N/mm?]

£y =2.46 [N/mm’]

£, =1, =2.46 [N/mm’]
f,,=0.01 [N/mm?]
f,=0.14 [N/mm’]
f,=f,,=0.14 [N/mm?]
f,~0 [N/mm?]

¢=0.026 [N/mm?]

¢,~0 [N/mm?]

®=381°]

¢,=221[°]

y=301[°]

G =0.004 [Nmm/mm?]
Ggs; =0.015 [Nmm/mm?]
Ggpp =0.080 [Nmm/mm?]
k=2x107

(Rayleigh and Lindsay 1945) with coefficients a=0.656 (case (a)) and 0.959 (case (b)) and
$=0.00244 (case (a)) and 0.00164 (case (b)) (Cruz and Miranda 2017; Song and Su 2017).

3.3 Seismicinput for analysis—Earthquake scenarios for the Vienna area

To evaluate the seismic vulnerability of historic brick masonry buildings, ground accel-
erograms are considered that would correspond to specific earthquake scenarios in
the Vienna area. The selection of appropriate seismic ground motion recordings is the
prerequisite to identify the full range of possible structural responses under dynamic
loading with appropriate earthquake properties based on energy, frequency content,
amplitude and duration (Iervolino and Cornell 2005). In this study selected earthquake
scenarios (action groups) are considered, where each action group is defined by spe-
cific target response spectra. To provide a robust seismic vulnerability analysis, 5 pos-
sible earthquake scenarios for the Vienna area are considered. The single earthquake
scenarios represent seismic events for the Vienna area with the exceedance probabili-
ties of 95% (very frequent earthquakes), 50% (frequent earthquakes), 20% (occasional
earthquakes), 10% (rare earthquakes) and 2% (very rare earthquakes) in 50 years (ON
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B 1998-1 2017). These earthquake scenarios include a total of 30 (6 each) different
spectrum compatible acceleration records. The reference ground acceleration (agg) for
Vienna south of the Danube is 0.80 m/s> (ON B 1998-1 2017). Furthermore, the elastic
response spectrum type 1 with 5% damping according to Eurocode 8 (ON B 1998-1
2017), Importance Class II and Soil Class A were selected. The corresponding elastic
target response spectra S, for the considered groups of actions are shown in red color,
the response spectra of the individual records (gray lines) and the median of these spec-
tra (black line) are shown in Fig. 7. The spectrum matching was achieved by the earth-
quake engineering software SeismoMatch (SeismoMatch 2020). The spectral matching
methods are based on (Hancock et al. 2006; Atik and Abrahamson 2010) and allows to
match of a site-specific target response spectrum by using real earthquake data.

The comparison of the median spectra with the target spectra of each action group
shows good agreement in the range of the base period of the brick masonry buildings,
which are between 0.25 s and 3.00 s (Moschen et al. 2019). In Table 3 the previously pre-
sented action groups are recorded. Furthermore, the maximum standard deviation of the
logarithmized earthquake spectra (6 ,s,) max) 15 als0 reproduced as a measure of disper-
sion, which is comparable to results from previous research (Moschen et al. 2019).

In the work (Moschen et al. 2019), earthquake sets "Viennese ground motion set"
are presented for the Vienna site, which are compatible with the target spectrum of the
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Table 3 Definition of the action

groups/hazard levels Pso (%] Tyinyears — a (/5] gy OS] Otsamas
95 16.7 0.26 0.31 0.5470
50 72 0.43 0.49 0.5466
20 225 0.62 0.73 0.5466
10 475 0.80 0.95 0.5462
2 2475 1.39 1.64 0.5464

Table 4 Parameters of the selected original ground motion (PEER 2010)

Event name RSN Station name Year My Mechanism PGA [g]
Friuli 125 Tolmezzo 1976 6.5 Reverse 0.35
Kobe 1107  Kakogawa 1995 6.9 Strike Slip 0.34
Landers 879 Lucerne 1992 7.3 Strike Slip 0.78
Loma Prieta 767 Gilroy Array 1989 6.9 Reverse Oblique  0.37
Northridge 963 Castaic, CA-Old Ridge Route 1994 6.7 Reverse 0.57
Trinidad 421 Rio Dell Overpass, E Ground 1983 5.7 Strike Slip 0.19

standard (EN 1998-1 2013) and provide another possibility for effective nonlinear time his-
tory calculations in the design load case. Furthermore, Table 4 summarizes the real earth-
quake data used to generate the defined response spectra.

The earthquake scenario “very frequent Earthquake” (Ps,=95%) represents the last
strong earthquake, the so-called “Seebenstein earthquake” in 1972, in the Vienna area. A
maximum ground acceleration of 0.027 g for the recorded ground motion (E-W) was docu-
mented at the Central Institute for Meteorology and Geodynamics (ZAMG) (Drimmel and
Duma 1974). In the urban areas of increased damage intensity (predominantly no damage
to structural masonry, cf. introduction), a twofold to threefold amplitude amplification due
to unfavorable site factors with "resonance power" is assumed (Drimmel and Duma 1974).

3.4 Dynamic structural analysis results

The numerical simulations allow a comprehensive reproduction of the structural behav-
ior considering the strongly degrading material properties under dynamic loading as well
as the interaction of individual structural areas. To identify critical structural areas in the
masonry structure, the results are presented as total strain ¢, (Simo and Hughes 1998; Kita
et al. 2020). The plastic strain is a scalar measure of the plastic strain tensor and shows the
quantitative activity and can be used to identify the areas in which local load shifting or
material failure / crack formation take place (Dynardo 2018). The results of the simula-
tion and the observed damage trend in the structural masonry correlate with the damage
patterns of the masonry stock in Zagreb. In this work, the seismic vulnerability is shown
by the simulation results of the more vulnerable structural building direction, the trans-
verse direction. Based on the limited state of knowledge the influence of the often-con-
nected neighboring buildings was neglected in this work. For example, Fig. 8 illustrates
the obtained simulation results of the considered cases (a) and (b) under the seismic event
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Load case: Northridge (P,, = 10 %)
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Fig.8 Structural behavior of the masonry building under earthquake simulation (LC: Northridge
P5,=10%) in transverse direction: a 5-story masonry building and b 3-story masonry building

P5,=10%. The generated structural responses confirm that with increasing stress, plastic
deformations are concentrated in structural areas with large stiffness differences, such as in
connection areas from nonbearing masonry walls to bearing masonry walls or from stair-
case walls to bearing/nonbearing masonry walls, as well as in structural areas of masonry
openings (cf. Fig. 2). In above all, connection areas in nonbearing masonry walls represent
a band of stronger stress, occasionally also characterized by shear cracks in the nonbearing
masonry walls. The example damage pattern for nonbearing masonry with damage level
D3 of the first part of the work (Fig. 2) also confirm the stress conditions occurring in
the connection area firewall and bearing masonry (longitudinal wall) and confirm the good
correlation of the plastic strain patterns (Fig. 8) obtained.

Exceeding the allowable material strength in the connection areas of the transverse walls
can lead to failure of the connection areas of the transverse walls up to failure of the lon-
gitudinal walls (out-of-plane failure mechanism) and especially of the street-side masonry
parapets. This out-of-plane failure mechanism was also observed in the buildings in the
first part of the work, where the opening widths in the out-of-plane behavior of some longi-
tudinal walls were up to 5 cm (HCPI database 2020). To achieve a better knowledge of the
occurring critical structural areas, representative structural areas are subsequently selected
and shown in Fig. 9. Figure 9 shows the typical plastic strain patterns under the seismic
events, which were also observed in the partition’s walls of the historic masonry build-
ings in Zagreb (see Fig. 2). For non-disturbed nonbearing masonry walls (without masonry
openings), the plastic strain concentrations can be assigned to the wall connection areas as
well as shear failure in higher lying areas. In case of disturbed nonbearing masonry walls
(with masonry openings), the critical structural area is the masonry disturbances, which is
characterized by the interaction of the individual masonry walls under dynamic influence
with plasticization of the masonry beams and redistribution of tensile and shear stresses
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Fig.9 Structural behavior of representative nonbearing masonry walls under specific earthquake scenarios:

a—e courtyard-side partition of the case (b); f-j street-side partition of the case (a). Seismic groups: a, f

Psy=95%; b, g P5;=50%; ¢, h Psg=20%; d, i P5,=10%; e, j Ps,=2%
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that cannot be absorbed (Karic and Kolbitsch 2020). Both cases show typical plastic strain
patterns (characteristic cross-shaped cracks as well as shear cracks) and are characterized
by stronger plasticization. Under good replication of the hysteretic material behavior, a
robust structural behavior is formed and a good agreement of the plastic strain concentra-
tions with the observed earthquake damage on the old masonry stock of Zagreb is enabled.

The bearing capacity evaluation under the seismic events are reproduced using maxi-
mum relative inter-story drifts (ID) according to (Meskouris et al. 2011). Figure 10 shows
the maximum relative inter-story drifts obtained from the numerical analyses, the mean
value (m), and the standard deviation m+o. For comparison, the normative maximum
bearing capacity threshold of 0.4% (in-plane) according to EC 8 (ON EN 1998-3 2013)
and the damage thresholds of 0.22% (damage limitation—DL), 1.24% (significant dam-
age—SD) and 1.72% (near collapse—NC) obtained from the in-situ shear tests are also
given (see Table 1). The earthquake scenarios “very frequent Earthquakes” and “frequent
Earthquakes™ confirm the recorded historical earthquake data of the Seebenstein earth-
quake (Drimmel and Duma 1974), where predominantly the elastic material behavior was
activated and no damage to the structural masonry of the buildings was detected (Duma
1988). The earthquake scenario “Occasional earthquakes” lies within the range of initial
crack formation in the structural masonry. The earthquake scenario "rare earthquake" rep-
resents the design earthquake for the Vienna area. The structural responses do not follow an
easily detectable causality due to the strongly dissipative effects of masonry construction
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under increasing strong earthquake phases. Case (a) is characterized by more increasing
plastic activity. Both structural models respond in the nonlinear range, whereby on average
the maximum load capacity was not reached. The “Very Rare Earthquake” would push the
masonry stock to its horizontal structural limits (near collapse), both in- and out-of-plane
structural behavior. Compared to the experimentally determined damage thresholds (DL,
SD, NC), the Eurocode 8 (ON EN 1998-3 2013) is on the conservative side and would
consider the old stock under the design earthquake case (rare earthquake) near collapse.

3.5 Dynamic non-structural analyses results

Non-structural masonry (gable walls, parapets, chimneys, etc.) represents the most vulner-
able area for high damage under moderate seismicity based on their specific design (often
slender masonry structures without significant anchorage) (Kolbitsch 2012), which has
been clearly shown by the earthquake damage of past earthquakes in Vienna (Drimmel and
Duma 1974), (Gutdeutsch et al. 1987) as well as by the earthquake damage in Zagreb 2020
(Atalic et al. 2021b) and 1880 (Simovic 2000). Non-structural masonry represent accel-
eration and/or displacement sensitive elements (Meskouris et al. 2011). For representative
damage identification or for pre-quantification of potential local damage to and through
acceleration-sensitive masonry elements, the simulation results are summarized in terms of
absolute horizontal floor acceleration amplifications (Q=PHFA/PGA), the mean (m) and
the standard deviation m+c over the normalized building height. The simplified stand-
ard design approach according to Eurocode 8 is also given for comparison. The accelera-
tion responses show a significant scatter across individual masonry walls. The wall 1 (cf.
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Fig. 5) was identified as the most acceleration-sensitive element in both cases. The accel-
eration responses of the individual wall elements (fire wall, partition wall, etc.) turn out
differently, as also shown in (Rudisch et al. 2017). The diagrams in Fig. 11 illustrate the
absolute horizontal floor acceleration amplifications Q of wall 1 (cf. Fig. 5) over the height
for the case (a) and case (b). The acceleration responses in plane (firewall, partition, etc.)
are lower than the acceleration responses for walls out of the plane (longitudinal walls).
A detailed reproduction of the acceleration responses in plane of individual load-bearing
elements of historic brick masonry buildings is given in the works of (Rudisch et al. 2017,
Karic et al. 2019 and Moschen et al. 2019) and are comparable to this work. The results in
Fig. 11 show that the absolute horizontal floor acceleration distributions over the building
heights among the individual seismic events have significant amplification and scattering
in the structural responses. The cases (a) and (b) generate a different acceleration response
over the building height. It can be observed that for weaker earthquakes (P5,=95% to
P5,=20%) the acceleration responses are significantly higher, primarily in case (b). Under
increasing earthquake phases, a significant decrease in acceleration amplification is gen-
erated, that is mainly due to the pronounced nonlinearity caused by the cracking of the
masonry structure and the resulting stiffness reduction (Bommer et al. 2004). The accel-
eration amplification in case (b) and case (a) during the very rare earthquake (Ps,=2%)
is similar acceleration amplifications with Q ~ 4 and confirms the vulnerability function
of according to the building height (Fig. 2-m: Attic—story number), which did not allow
to identify any different trends of earthquake damage in Zagreb according to the building
height in the attic. The results also confirm the vulnerability of earthquake-induced dam-
age to non-structural components in the attic of shorter masonry buildings. It can be also
observed that the simplified linear design approach according to EC 8, especially for the
case (b), underestimates the resulting structural responses of acceleration-sensitive struc-
tural elements.
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the case (a) and (b)
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It should also be emphasized that earthquake scenarios with very frequent and frequent
occurrence can cause significant damage to non-structural building elements as a result
of large dynamic amplification effects, as confirmed by the observed damage resulting
from the Seebenstein earthquake 1972 (Duma 1988) with a maximum ground acceleration
of 0.027 g for the recorded ground motion (E-W) at the Central Institute for Meteorol-
ogy and Geodynamics (ZAMG) (Drimmel and Duma 1974). The Seebenstein earthquake
damages resulted from the dropping of chimneys, parapets, balustrades of buildings. The
strong acceleration responses of the street-side walls (W 1) also correlate with the 1972
earthquake damages, where severe damage as well as collapses of the stone ballustrades
and roof cornices were observed (Drimmel and Duma 1974). Numerous chimneys dropped
from shorter buildings, probably because of the strong acceleration amplification under the
linear structural response. The numerical simulations confirm that the non-structural build-
ing elements, especially on the attic level, have high vulnerability due to the characteristic
structural responses resulting from dynamic loading.

In conclusion, the numerical structural simulations under dynamic loading confirm the
identified structural vulnerabilities of the historic brick masonry buildings and reliably
reproduce the hysteretic material behavior under dynamic loading. It is also important to
note that the cases considered (a) and (b) have a regular arrangement of load-bearing struc-
tural elements and that the identified building characteristics from the first part of the paper
and their influence on the dynamic structural behavior should be considered in the building
assessment against seismic events.

4 Conclusions

This paper contributes to the seismic risk analysis of the historic brick masonry buildings.
Due to the relatively limited knowledge about the seismic vulnerability of the masonry
stock in Vienna, a vulnerability assessment for a seismic risk analysis was achieved in two
steps: The nonlinear numerical simulations and the statistical analysis of the earthquake
damage at the historic brick masonry stock of Zagreb (Croatia) after the My,5.4 earthquake
event on March 22, 2020 (Atalic et al. 2021b). The numerical results are characterized by a
good agreement with the critical brick masonry areas observed from the earthquake dam-
age of Zagreb and past historical earthquakes in Vienna (Duma 1988).
The main results of the work are summarized below:

(1) The most vulnerable structural area of the masonry buildings (cf. Fig. 3) is the attic
area, predominantly because of significant damage to the specific non-structural build-
ing elements (unbraced chimneys, parapets, gable walls, etc.). The specific strong
acceleration amplification over the building height favors a high damage rate in the
attic, also in shorter masonry buildings.

(2) The staircases are at higher risk primarily due to their specific, often very eccentric
location in the building floor plan and the often-poor connection to the main building.

(3) The damage concentration in the structural and non-structural masonry is mainly found
in areas of large stiffness change (connection areas, masonry openings, etc.), cf. Fig-
ure 8. Failure of the connection areas (structural/non-structural masonry) favor the
out-of-plane failure mechanism and especially of the street-side parapets.
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(4) The flexible load-bearing of the timber joist ceiling structures and partial insufficient
connections to the masonry walls were confirmed, thereby increasing the potential for
out-of-plane masonry failure.

(5) A positive influence on the damage distribution (less damage) in the structural masonry
under earthquakes was demonstrated for shorter building heights, regular arrangement
of structural elements and buildings with a basement (Souterrain).

(6) A clearly negative influence on the damage distribution in the structural masonry was
observed for higher building heights, irregular arrangement of load-bearing building
elements and partial execution of underground stories.

(7) The activation of the nonlinear material behavior under strong earthquake phases
leads to similar acceleration responses in attic levels regardless of building height
(cf. Fig. 4 m and Fig. 11). For less heavy earthquake events, the predominant linear
structural response leads to much stronger acceleration responses in the attics, which
increases the susceptibility to nonstructural damage even for more frequent weaker
earthquake events, see Fig. 11.

(8) The simplified linear design approach according to Eurocode 8 is not suitable to
reproduce the acceleration distribution over the building height, primarily of shorter
masonry buildings.

(9) The common assumption that the underground story can be considered sufficiently rigid
in the building assessment requires a more detailed analysis due to the construction-
specific design, such as basement, cellar or a partial cellar/basement. The influence of
the soil-structure interaction due to the missing concrete ground slab and the resulting
lack of the positive effect of increasing embedment justifies a more detailed investiga-
tion.

The empirical vulnerability functions (cf. Fig. 4) of the first part of the work enabled
the clear identification and correlation of emerging damage trends under construction-
specific building characteristics. This paper underlines the fact that a purely typology-
based building assessment without consideration of specific building characteristics
does not always appear to be appropriate for qualitative earthquake mitigation. In addi-
tion, knowledge of susceptible structural areas as well as the influence of specific build-
ing features on seismic safety provides a comprehensive basis for anticipatory seismic
retrofitting of the historic brick masonry buildings from the period of the Austro-Hun-
garian monarchy. For example, the retrofitting of a concrete ground slab and RC ceilings
(e.g. the attic) with appropriate anchoring could lead to a significant stabilization of a
solid historic brick masonry building. The positive effect of reinforced ceilings could
be shown for example in (Celik and Sesigur 2010; Karic et al. 2019). A possible posi-
tive effect on the structural response under seismic events, which could be achieved by
a retrofitted foundation reinforcement (insertion of ground slab), would be of essential
importance in the historic brick masonry buildings, primarily in heritage buildings in
Vienna. The stabilization of freestanding gable walls and freestanding parapets/balus-
trades and retrofitting/reinforcement of chimneys would reduce earthquake damages.

This paper identifies structural vulnerabilities as well as the influence of certain
building characteristics on the damage distribution and thereby provides an important
basis to evaluate existing building assessments for the historic brick masonry build-
ings in Vienna. Due to the strong degrading structural effects under dynamic loads,
which are not expected for new buildings, the seismic evaluation of both structural and
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non-structural could be improved based on the knowledge gained to reach an acceptable
level of vulnerability as well as the retrofit level.
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