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Abstract

The evaluation of the seismic vulnerability of existing structures for regional risk analysis is characterized by sources of
uncertainty due to insufficient data (i.e. epistemic) and sources of variability that cannot be reduced (i.e. aleatory).
These sources of uncertainty are particularly important for the evaluation of fragility of masonry structure, whose
material and geometric properties can vary considerably even within structures of the same building class. This work
investigates the impact of epistemic and aleatory uncertainties in the fragility modelling of masonry buildings, with an
application to the Portuguese building stock. The geometrical features of the masonry building stock is considered by
gathering information from a set of drawings, including the wall thickness, inter-story height, density of walls, among
others. These statistics were used to generate a number of representative buildings, by sampling the geometric and
material properties. The seismic demand was represented by a set of ground motion records to cover the span of
intensity motions according to the seismic hazard of the zone of study. The structural response of the set of buildings
was analysed using block-based FEM technique implemented in the LS-Dyna software. This tool allows modelling
structural damage, including explicitly structural collapse. This approach allows assessing not just damage and
economic losses, but also potential casualties due to fall of debris. The results of the aforementioned analysis were used
to compute fragility curves for damage and fatalities. A set of sampled buildings are tested against each record allowing
the analysis of building-to-building variability, and how neglecting them might bias the fragility results.
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1. Introduction

In the past, deathly seismic events took place in Portugal such as ~M6.0 1722 Algarve, ~M8.5 1755 Lisbon,
the M6.3 1909 Benavente, and M7.8 1969 Algarve. The country is characterized by holding an important
proportion of unreinforced masonry buildings (URM), which is around 50 % according to the national
institute of statistics [1]. Limestone, granite, schist and basalt are the most common stone types employed for
building construction, in addition masonry buildings are mainly concentrated in the city centres and outside
the cities. These buildings were constructed continuously in time, Fig. 1 shows the distribution of masonry
building by construction period and number of storeys in percentage. An accentuated construction of
masonry buildings is found between 20’s and 80’s for 2-storey and between 40’s and 80’s for 3-storey
masonry buildings.
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Fig. 1 — Distribution of masonry buildings per construction period and number of storeys (INE [1])

Masonry buildings are specially affected by seismic events, which has demonstrated its poor seismic
performance worldwide. This behaviour is attributed to some aspects of masonry constructions like its
massiveness, the low tensile strength, the poor connexion between elements, lack of maintenance, non-
engineered design, and degradation due to weathering. In addition, the vast diversity of masonry assemblies,
materials and building configurations leads to a large uncertainty, which this work aims at partially assess.

Record-to-record, together with building-to-building variability suppose the two sources of uncertainty
referred by many authors [2-4]. [2] suggest to interpret building-to-building variability as intra and inter-
building variability. Intra-building variability is associated to uncertainties within each specific building like
mechanical properties, modelling strategy and analysis method, while inter-building variability is related to
differences between single buildings. The herein proposed study focus in assessing building-to-building and
record-to-record variability considering a set of randomly sampled building and a set of records as source of
uncertainties. Analysis of uncertainties related to mechanical properties and modelling strategy can be found
in [5] and [6] respectively.

Limestone 3-storey buildings were selected as case of study due to availability of data and to keep
computational effort feasible. Probability density functions developed in Lovon et al. [7] are employed for
building sampling. An advanced modelling technique is implemented thanks to Ls-Dyna [8,9] contact
modelling capabilities, allowing to employ two novel engineering demand parameters (EDPs) in the
analytical fragility assessment. Finally, cloud analysis [10] is used for fragility analysis fatality vulnerability
functions are calculated with basis on the empirical relationships found in Abeling & Ingham [11].

2. Buildings Sampling

The characterization of limestone masonry buildings has been widely studied in Lovon et al. [7]. Table 2
shows geometric features applicable for 3-storey limestone masonry buildings together with probability
density functions for random sampling.
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Table 1 — Geometric features for limestone and granite masonry buildings

Limestone Granite
Random variables ot Function | Mean dejit;t'ion Function | Mean defitzi-ion
Ground floor height m Normal | 2.98 0.46 Normal 3.60 0.39
Upper storeys height m Normal | 2.90 0.31 Normal | 3.30 0.39
Length X-direction m | Lognormal | 6.70 2.70 | Lognormal | 6.20 0.94
Length Y-direction m Normal | 8.20 2.10 Normal 17.0 3.90
Wall thickness (<3 storeys) m | Weibull | 0.66 0.07 Weibull | 0.54 0.11
Average wall thickness reduction | - Gamma | 0.15 0.09 Gamma | 0.16 0.08
Opening ratio (ground) - Beta 0.46 0.14 Beta 0.55 0.13
Opening ratio (upper storeys) - Beta 0.27 0.05 Beta 0.43 0.10
Non-structural walls density - Gamma | 0.026| 0.010 Gamma | 0.026| 0.010

Limestone masonry archetypes were identified through revision of field data. It was found that number of
openings (i.e. doors and windows) is related to the opening ratio, thus a set of archetypes were assigned to
each range of openings area. Fig. 2 show the aforementioned arrangement, which represent a key step in the
procedure of random sampling. Two to four rows of openings are assigned according to the range of area of
openings, openings in the ground floor are assumed to be a combination of a window with a certain number
of doors, while upper storeys may contain either windows or doors.
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Fig. 2 — Openings area — archetypes association

Sampling procedure was conducted using Montecarlo simulation in MatLab software [12], a routine was
implemented for this purpose. The procedure consists in using the probability density functions shown in
Table 1 to sample an openings area, then an archetype is selected according to Fig. 2. The sizes of the
openings were proposed to be from 0.8x1.8 (length x height) to 1.8x2.2 m for doors, and from 0.6x0.6 to
1.2x1.0 m for windows. The algorithm selects the size that best match the area of opening, residuals from the
selection are minimum. A set of 20 buildings were sampled in order to consider the building-to-building
variability in the fragility assessment procedure
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3. Structural Analysis
3.1 Numerical modelling

Numerical modelling has reported a significant advance in the last decades [13]. However, most of the
approaches devoted to seismic assessment of masonry buildings are intended to assess near-collapse states.
The modelling strategy herein employed has the intention to model the crack formation and collapse
mechanism, thus leading to a clearer damage quantification for masonry buildings. The modelling strategy
can be named as block-based according to the D’altri classification [13].

A set of elastic-behaviour blocks are attached through zero-thickness cohesive elements to represent the
building. The non-linear behaviour concentrates in the joints, and blocks are released by deleting the
cohesive elements. The *MAT COHESIVE MIXED MODE material was selected for the cohesive
elements; it has a linear behaviour followed by a linear softening. Fig. 3 illustrated the behaviour of cohesive
elements and Eq. 1 shows its failure surface equation:

traction

Fig. 3 — Mixed-mode force-separation law for cohesive elements [9].

NFLS SFLS

where 6, and o are the shear and tensile stress in the interface, NFLS and SFLS are the shear and tensile
maximum strength. The treatment for the interaction between blocks after the deletion of cohesive elements
is solved through a penalty stiffness formulation implemented in Ls-Dyna software [9]. In short terms, it
consists in allocating a spring in the nodes belonging to the master segment and slave node that are known to
be in contact. The stiffness of the spring is calculated with basis in the bulk modulus, the area of the invaded
face, the volume of the element in contact and the penalty stiffness factor. The latter parameter can be
calibrated for different phenomena and material, and is herein adopted as 1, which is the default value posed
in Ls-Dyna. Further information regarding penalty stiffness formulation can be found in [14]. Tangential
contact is modelled with a Coulomb formulation with 0.6 and 0.8 dynamic and static friction coefficients.
The model’s solution is implemented in an explicit time-integration since the search of contact should be
performed in short spans of time.

Roof modelling consist in a set of springs spaced each 40 cm can be loaded only in compression. The
maximum compression strength is calculated considering a flexural-compression load with constant gravity.
Timbered roof is one of the main systems used in masonry buildings in Portugal.

Mechanical properties for masonry buildings herein employed are shown in Table 2. These values were
defined with basis in the characterization procedure performed in Lovon et al. [7], and have the intention to
represent average values for the building class.

The interaction between debris and ground was not modelled since it increases the computational effort
unnecessarily, thus a deletion criterion for elements falling below level zero was implemented. In addition,
an Hourglass stiffness-based formulation was used in order to avoid hourglass effect in blocks, Belytschko
approach with a 0.05 factor was selected.
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Table 2 — Mechanical properties adopted for 3-storey limestone masonry buildings

Element Description Unit Value
Elasticity modulus GPa 0.76

Solid Poison ratio - 0.30
Elements | Static coefficient of friction - 0.30
Dynamic coefficient of friction - 0.20

] Normal and shear failure stress MPa 0.12
Cloheswe Normal and shear energy release rate N/m 25.00
clements Normal and tangential stiffness GPa 0.76
Timber elasticity modulus GPa 7.00

. Timber elasticity modulus (5%) GPa 4.70
Springs Design compressive strength MPa 16.00
Design bending strength MPa 14.00

Due to the large number of elements and its devious configuration, an algorithm was made in MatLab
software to automatically generate the input for Ls-Dyna. The algorithm emulates the interlocking effect by
shifting parts in the horizontal plane. A building example with parts texture is shown in Fig. 4.

a) b)
Fig. 4 — a) Building example automatically generated and parts texture showing interlocking, b) Global
instability of 3-storey masonry buildings, nonlinear time-history analysis.

3.2 Seismic demand

The hazard demand was represented by a set of 30 records with PGAs ranging between 0.05 to 0.95 g. This
range was divided into 5 bins and records were scaled to cover at 6 records per bin because of the lack of
historical data with high intensities. Fig. 5 shows the elastic response spectrum for a 5 % of critical damping
in X and Y direction, being X aligned with the fagade and Y perpendicular in the horizontal plane.
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Fig. 5 — Response spectrums for a) X and b) Y direction

© The 17th World Conference on Earthquake Engineering - 8a-0053 -



8a-00 53 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 27th to October 2nd 2021

3.3 Damage threshold

Damage thresholds were defined with basis on two EDPs: crack propagation level and loss volume ratio.
Crack propagation level is calculated as the quotient between the number of deleted and the total number of
cohesive elements, and volume loss ratio is assessed as the ratio between debris and original volumes, thus
EDPs configure constrained values between 0 and 1. Since slighter damage states are characterized by crack
propagation across the building, thus their threshold is defined in terms of crack propagation level. Most
extreme damage states are defined by volume loss ratio. Table 3 shows the damage threshold herein

employed
Table 3 — Damage threshold
Damage state EDP Value
DS1 — negligible to slight Crack 0.15
propagation
DS2 — moderate level 0.25
DS3 — substantial to heavy 0.10
Volume loss
DS4 — very heavy damage ratio 0.25
DS5 — destruction 0.40

A third algorithm was implemented for output data collection, it is implemented in MatLab and advocated to
print a set of instructions for Ls-prepost [15] software, the post-processing package of Ls-Dyna. Its capacity
to represent the non-uniform distribution of damage, and to take into account mixed collapse mechanisms are
most important advantages of the herein showed EDPs.

4. Uncertainties in physical damage fragility

Different procedures are proposed to calculate analytical fragility functions, however some of them require a
large computational effort due to the need of performing subsequent analysis with scaled records. Cloud
analysis [5,6,11] has been progressively employed for fragility analysis because its low demand of
computational effort, and its versatility to model broad kind of uncertainties such as record-to-record,
mechanical material properties and component capacity [3,5,6,16].

The cloud analysis can be defined as a linear regression-based probability model involving non-linear
dynamic outputs. The first step consists in finding the best linear fit IM-EDP in the log space, homogeneity
of variance is assumed around the best fit. Eq. 2 and 3 shows the probabilistic model:

E[log(EDP)|1M | = log(a)+ blog(IM)

2

O_Iog(EDP)| M~

\/f] (Iog(EDPI.)— E[log(EDP)UMJ)z
n—-2 (3)

Where Elw(emind stands for the expected logarithm of EDP given an IM, 10&(a) and b are the regression

parameters, Tloa(E0P) 14 i3 the logarithmic standard deviation for the EDP given the IM , EDP: corresponds to
the i — EDP value obtained from the non-linear analysis. The structural fragility obtained from the
probabilistic model can be expressed as Eq. 4:

© The 17th World Conference on Earthquake Engineering - 8a-0053 -



8a-00 53 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 27th to October 2nd 2021

log(EDP,

dsi

) E|[log(EDP|IM )|
T )

Where @ is the cumulative normal standard distribution, EDE,; is the EDP damage threshold, and
represent the total variability resulting from the building-to-building and record-to-record variability

according to Eq. 5:
o-.‘m‘al = Y O-i‘f' + O-f!r‘ (2)

Fig. 6 illustrates the procedure above mentioned, the best fit is shown in blue line together with three IMLs
in log scale and the corresponding probability of exceedance Pe. Then, the exceedance probabilities are
plotted together with the IMLs in natural scale
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Fig. 6 — Steps of fragility assessment procedure a) probability of exceedance for 3 IMLs in i-damage
threshold, b) Probability of exceedance — IMLs plot (fragility function) for i-damage state

The assessment of uncertainties associated to building-to-building and record-to-record was performed
following three steps:

a) Each building results were processed using cloud analysis individually, thus it leads to the assessment
of the record-to-record variability for the i-building, O yir-i. The average Oir—i is considered to
represent the record-to-record variability for the building class, O,

b) Cloud analysis was performed for all data in order to calculate the total variability O oal.

c¢) The building to building O b variability is calculated using Eq. 2.

Fig. 7 shows the results obtained after testing each building sampled in section 2 against each record selected
in record 3.2.
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Fig. 7 — Best linear fit for a) Crack propagation level and b) volume loss. Red-dashed line is the best fit for
the overall data, while black-continuous line is the best fit for each building
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Dispersion parameters associated to the building-to-building and record-to-record are shown in Table 4. It
should be noticed that building-to-building variability represent a significant source of the total uncertainty
when using crack level propagation, however it is significantly less for volume loss ratio. Fragility functions
for the studied building class are shown in Fig 8.

Table 4 — Uncertainty parameters for 3-storey limestone building class

EDP O-rtr O-brb O-rm‘af
Crack propagation level | 0.30 | 0.12 | 0.32
Volume loss ratio 1.20 | 0.66 1.37
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Fig. 8 — Fragility functions for 3-storey limestone masonry buildings.

Parameters of the fragility functions herein developed are shown in Table 5 for reproducibility. Damage
states were defined with basis in the EMS-98 damage description, and values for damage threshold are
proposed according to post-earthquake damage assessment data gathered by So [17].

Table 4 — Fragility functions parameters

Parameter Neghglble Moderate Substantial Destruction Very heavy
to slight to heavy damage
U -1.35 -0.78 -0.23 0.56 0.73
o 0.36 0.36 0.50 0.50 0.50

5. Fatality vulnerability assessment

The procedure herein employed aims at estimating fatality ratios induced by buildings collapse, which are
cause of approximately 75 % of the fatalities due to earthquakes [18]. Commonly analytical vulnerability
assessment is based in the assumption of strong correlation between physical damage and human losses
[19,20]. However, it has been demonstrated by Okada [21] that most extreme damage states (DS) do not
disclosure the level of destruction ([19, 22]). Thus existing damaged buildings classified in the same DS, but
with different volume of debris. Lilian et al. [23] propose a set of EDPs with enhanced capacity for fatality
prediction based in post-earthquake data recognition, being some of them more appropriate for certain
structural systems. Volume loss is herein adopted, due to the massiveness inherent of stone masonry
buildings. This parameter is calculated as the quotient between volume of debris and survival space, Fig. 8
illustrates the assessment of volume loss. Survival space is defined as the two meters above the reference
level in the full plan area.
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Fig. 9 — Volume loss (i.e. loss of survival space due to debris fall) adapted from [11].

Abeling et al. [11] propose a volume loss-fatality ratio correlation developed with field data of masonry
damaged buildings. This relationship was used to calculate fatality ratios for volume loss outcomes from
structural analysis described in section 3 leading to a fatality ratio-IML cloud of points. The set of points is
then fitted to a log normal cumulative density function using least squares regression. Fig. 10 shows the best
fit for each building and all data. Fig. 10 shows the fatality vulnerability functions herein obtained for 3-
storey limestone masonry buildings together with other three approaches for comparison: a) The first
approach uses physical damage fragility functions herein developed in and fatality ratios developed for cities
in Europe [20] to assess fatality vulnerability functions, b) The second approach consists in using PAGER
[24] empirical fatality ratios and Wald et al. [25] relationship convert the original IML (macro-seismic
intensity) into PGA, then PGA values are transformed into Sa at 0.5 sec using average response spectrum

factors.
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Fig. 10 — Fatality vulnerability functions.
6. Conclusions

A detailed numerical modelling strategy was implemented for structural assessment of masonry buildings.
Due to the large effort that may demand the model setup, and output data collection, a set of algorithms were
developed to automatize these procedures. This block-based approach, which has been employed previously
for structural analysis of specific buildings, was now implemented for fragility and fatality vulnerability
assessment of 3-storey limestone masonry buildings. Cloud method analysis was used for fragility analysis
considering inter-building and record-to-record variability, and quantifying them. In addition, fatality
vulnerability assessment was performed in the sampled building population leading to the conclusion that
analysing a single building might bias the assessment of the building class. Future research should be
conducted for other building classes in Portugal, and modelling uncertainties associated to the fatality
vulnerability functions. The variability of building-to-building herein calculated serves to include this type of
uncertainty in other classes.
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