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Abstract

Assessment of Tsunami vulnerability of coastal buildings has gained high interest in the last
vears for the areas characterized by a high Tsunami hazard. A probabilistic representation of
vulnerability is performed by fragility curves, fundamental tools to define possible strategies
for risk mitigation. Different prediction approaches can be used for obtaining analytical fra-
gility curves. In this paper, a prediction proposal to be used for masonry structures typical of
the Mediterranean coasts based on simplified structural analyses and damage indexes is pre-
sented. Different damage states are considered and inundation depth is assumed as input in-
tensity measure. The uncertainties in the demand by the definition of the probability
distribution of the inundation scenarios are considered. Further, the uncertainties in the
structural capacity are included. Monte Carlo simulations are performed for the scope of this
work.
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1 INTRODUCTION

Tsunamis are among the most destructive events, often associated to a wide loss of human
lives and wide damage to constructions, so strategies for the risk assessment need to be de-
fined for a large scale analysis of the coastal areas [1].

In the past, earthquakes-induced tsunami events have devastated coasts causing many
deaths. Among the most known there are the tsunamis of Colombian Pacific coast in 1906
and 1979, caused by earthquakes of magnitude of 8.8 and 7.6, of Japan in 1993 caused by a
seismic event of magnitude of 7.7, and then the events of Indian Ocean in 2004, Samoa in
2009, Chile in 2010, Japan in 2011 caused by earthquakes of magnitude between 8 and 9.3,
and of Indonesia in 2018 caused by an earthquake of magnitude 7.5. However, in some cases,
tsunamis are caused by costal or underwater landslides as well (for example the Alaska tsu-
nami in 1958).

Historically, the Mediterranean costs experienced catastrophic tsunamis: in 365 A.D. an
earthquake with epicenter close to the Crete island was followed by a tsunami that caused
50.000 deaths along the costs of Egypt, Greece, Sicily and Palestine; in 1169, 20.000 deaths
were counted along the costs around Catania because of a tsunami; in 1693 a tsunami caused
over 60.000 deaths in Italy and Greece; in 1783 a tsunami caused about 2000 deaths in the
Sicilian costs of Messina and Reggio Calabria; in the same costs in 1908 a tsunami caused
waves up to 12 m height.

Different levels of vulnerability can be recognized for the different types of constructions
[2] and fragility curves, very much used for seismic actions, are powerful tools to represent it
by the probabilistic point of view, providing the probability of an effect (damage) due to an
external action whose intensity measure (IM) is assigned. In the case of tsunami, different
physical quantities are used to attribute an IM (for example the inundation depth or the mo-
mentum flux, or the Froude Number or again the flow velocity [3]), although the use of the
inundation depth is more generally employed [4-7].

Different authors (e.g. [8-18]) have faced the problem of obtaining a fragility curve for
different classes of constructions. However, no analytical fragility functions for masonry
buildings seem that have been proposed until now. Therefore, here, a proposal for providing
analytical fragility curves for masonry structures typical of Mediterranean coasts based on
local analyses and local damage indexes is discussed. The proposal considers the various un-
certainties in the load demand by the definition of different scenarios, and the uncertainties in
the structural capacity. The fragility related to each fixed damage state is represented assum-
ing the Tsunami inundation depth for assigning an intensity measure. Comparisons with
available empirical fragility curves are presented at the end of the paper.

2 TSUNAMI HAZARD AND BULDING CHARACTERISTICS IN THE
MEDITERRANEAN COSTS

Recently, the Italian National Institute of Geophysics and Volcanology (INGV Italy) car-
ried out a tsunami hazard analysis of the Mediterranean coasts, selecting 47 points of interest
and providing onshore and offshore tsunami hazard curves for an exposure time of 50 years. It
was found a high variability of possible values of maximum inundation heights (MIH) de-
pending on a probability of exceedance (PoE) in a range of 10°-10°. In detail, the range of
MIH covers values up to 26 meters (PoE=10); assuming a reasonable tsunami return period
of 2500 years [19], the maximum inundation heights range is between 0.6 and 6.4 m (the low-
est MIH values related to the points of study in the North-West coast, the highest values relat-
ed to the South-East coast).
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Masonry structure buildings are widely diffused in the Mediterranean area. This is true as
in the hinterland as in the coast. One of the typical costal touristic villages in the Sicilian
South-Est cost is Marzamemi. The village is surrounded by the Ionian Sea (Fig. 1) and the
historic center is mainly constituted by old masonry buildings. The masonry constructions
considered in the present study are simple ancient constructions of one, two or at most three
elevations, with wooden or reinforced concrete slabs (Fig. 2). Limestone masonry has been
identified as the main construction material and the structures present poor effectiveness of
the connections between the masonry walls. Several in site surveys were carried out to identi-
fy building typologies for large scale analyses.

Figure 1: Marzamemi village, Sicily

Figure 2: Typical masonry buildings in Marzamemi.

In details, three structural typologies were identified. The typology M1, consisting of an-
cient small single-elevation masonry buildings used as residential buildings and medium-
sized buildings for commercial use, with wooden floors (flat or sloping roofs) and interstory
distance of 4-6 meters. This type of buildings is used by residents or has been adapted to pro-
vide accommodation for tourists or for commercial activities.

The M2 type, consisting of small residential buildings with one elevation, more recent than
the M1 type and having reinforced concrete slabs and interstory height of 3-4 meters. Finally,
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the M3 type, consisting of residential masonry buildings with two or more stories and rein-
forced concrete slabs and interstory height of 3-4 meters. No particular differences were ob-
served in the response of buildings with two or three floors, therefore they were grouped in a
unique typology. The building typology classification is schematized in Fig. 3.

The capacity models defined for the evaluation of the structural member response under tsu-
nami loads have been identified by the in-plane and out-of-plane behavior with respect to the
shear and the flexural capacity.
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Figure 3: Masonry building typologies.

3  FRAGILITY REPRESENTATION

The term fragility in structural engineering refers to the probability of exceedance of a
damage state under the expected value of an external input. Therefore, fragility functions are
cumulative distribution functions that represent the probability of exceedance of a damage
state, generally for a class of buildings over a range of expected intensity (the expected inten-
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sity is said Intensity Measure —IM) of an external input. It is just consolidated to express a
fragility function by a cumulative probability function obtained assuming the lognormal dis-
tribution not of IM of the input but of IM of the input causing the limit state, that is

_ln(z)—ln(lM)

F(IM)=P[DSi|IM:|=T ! gz (1)

0 ZBVEEE)e

where F(IM) is the fragility function, P|DSi|IM |means conditional probability, that is the

likelihood of occurrence of DSi based on the occurrence of IM, In(IM) is the average of the

logarithms of the Intensity Measures of the input causing the damage DSi. Further, £ includes
all the uncertainties, that is the log-standard deviation of the input causing the DSi, in turn
depending on the uncertainties in the capacity ( fc ) and in the input itself ( fp ) (Karafagka et
al., 2018). The log-standard deviation of the capacity ( fc ) is evaluated using the capacity of
each structure analyzed considering all the uncertainties, while the log-standard deviation of
the input ( fp ) is evaluated from the distance between the polynomial function fitting the
logarithms EDP-IM (Engineering Demand Parameters — Intensity Measure) with respect to
the EDP-IM pairs obtained from a Monte Carlo simulation. Finally, f is calculated as

B=\B:+B, (2)

4 RANDOM VARIABLES

Several approaches for the consideration of uncertainties have been used since there is not
a standard methodology available in the state of the art. For example, different approaches can
be found in [5] and [6]. In the present study, geometry, material properties and input were
considered random variables. At the beginning, an uniform distribution was assumed for ge-
ometry and input while a Gaussian distribution was assumed for the mechanical characteris-
tics of the materials. The capacity is dependent by the geometry and the mechanical
characteristics of the material, while the demand (EDP) is dependent by input and geometry.

Random values for the flow velocity are assumed for the evaluation of the hydrodynamic
and impulsive forces that depend also on the breadth of the construction in the direction or-
thogonal to the flow B and the opening coefficient Cop (randomly defined) as well as the hy-
drostatic component.

Further involved geometrical variables are the interstory height H, the length of the walls
subjected to in-plane actions L, the wall thickness ¢, the orientation of the structure of the
slabs. Pressure distribution on the structural walls are obtained depending on the inundation
depth & coupled to a random value of the velocity u. Then, in-plane and out-of-plane forces
(bending moment, shear) are obtained considering hydrostatic and hydrodynamic components
on one hand and impulsive component on the other hand (this two group of forces occur in
two different moments of the phenomenon). The highest forces are assumed among the two
cases. Capacity is obtained considering uniform randomly distributed thickness of the walls
and normal distribution of the mechanical characteristics of the masonry such as the compres-
sive and shear strengths. Subsequently, regression analysis of the demand (logarithm of inun-
dation depth — EDP pairs) is performed for each capacity model and the median values of
logarithms of the inundation depth associated to a damage state (capacity) are obtained. Then,
fragility curves are obtained considering the log-standard deviation of the demand and the ca-
pacity for each damage state considered.
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S TSUNAMI INDUCED LOADS

According to standard code as ASCE/SEI 7-16 [20] and FEMA P646 [21], a Tsunami
wave against an obstacle generates different forces including impact of water, hydrodynamic
action, impact of debris and debris damming force. In addition, buoyancy and uplift forces
should be considered as well as water retained at elevated floors.

These forces occur not at the same time, however, the above standard codes suggest how to
combine them to be applied to the overall structure and to individual structural components.
Other studies provided an analytical formulation for the definition of the hydrodynamic forces
by equations validated by experimental testing. From the available studies, high variability in
the models for the assessment of forces is observed. The problem is mainly related to the es-
timation of the flow velocity that causes, for a given inundation depth, a wide range of possi-
ble tsunami forces.

Here, it is proposed to evaluate the Tsunami actions according to FEMA P646, considering
the total force as a sum of the hydrostatic (Fh) and the hydrodynamic (Fd) components result-
ing from a given inundation depth and a flow velocity as expressed in the following equations:

Fh=0.5BC, pgh’
3)
Fd=05BpC,C,(hu’)

In Eq. 3, B is the breadth of the building member orthogonal to the flow, p is the fluid
density including sediments (assumed 1100 kg/m?), g is the gravitational acceleration, & the
inundation depth, Cp is the drag coefficient, Co the opening coefficient and (hu?) the momen-
tum flux. The maximum flow velocity « and the maximum momentum flux (hu?) are estimat-
ed by the following equations for a given range of the parameter k according to [7]:

u, =k 2gR(l—%), k. =0.7 4)

2
(hu?),,, = gR{o.lzs - 0.235% +0.1 1(%) ] (5)

In Eq. (5), R is the Run-up and z is the height above sea level of the construction base.

Further, FEMA P646 estimates the impulsive force Fi (due to water impact) by 1.5 times
the hydrodynamic force. However, as assumed also by Medina et al. [7], this coefficient can
vary between 1 and 1.5 depending on the orientation of the construction with respect to the
direction of the tsunami flow. Therefore, a random multiplier of the hydrodynamic force is
assumed in this study, that is:

Fi=aFd, 1<a<ls5 (6)

Finally, in this study, the flow velocity and impulsive coefficient ¢ are assumed random
independent variables like the opening coefficient Co and the breadth B of the construction
member orthogonal to the Tsunami flow interested by the forces in question.

The contribution of debris impact and debris damming effects are here neglected because of
the high variability in the forces due to these. Moreover, buoyancy is not considered.
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6 DAMAGE STATES

Different approaches can be found in the literature that consider global and local damage
indexes for reinforced concrete structures [5, 7, 22]. On the best knowledge of the authors,
analytical fragility functions are not available for masonry structures.

Non-structural damage, slight damage, medium damage, extensive damage, collapse or
washed away constitute a scale of damages proposed by Suppasri et al. [2, 14], for empirical
fragility evaluation.

In this study, it is proposed to associate the collapse state to the reaching of the capacity of
the members evaluated by local approach, while the intermediate states are empirically as-
sumed as a percentage of the ultimate conditions. In details, non-structural damage is not con-
sidered in the present study, while slight damage (DS2), moderate damage (DS3) and
extensive damage (DS4) have been defined as the 10%, 40% and the 70% of the ultimate
conditions associated to the collapse (DS5).

7 INTERNAL FORCES AND CAPACITY MODELS: OUT-OF-PLANE AND IN-
PLANE RESPONSE OF WALLS

The behavior of a structural type of masonry building subjected to tsunami loads has been
identified through a series of geometric and structural considerations that depend on the con-
struction techniques of the area as well as on the static scheme.

Considering a structural modeling approach based on local analysis and local damage,
buildings with significantly different dimensions can have a similar response according to the
static scheme. In the present work, the structural schemes have been identified according to
Fig. 4 and Fig 5. Buildings with regular and non-regular plan have been assessed belonging to
the same typology considering the area of influence affecting the walls in the direction of im-
pact of the tsunami waves.

Here it is proposed a simple approach based on simplified analysis schemes for which no
particular software implementation is required and the solution can be obtained by fast and
simple computational methods.

7.1  Out-of-plane behavior
Regarding the out-of-plane response, the structure internal forces are evaluated by applying

the loads considering the area exposed to the tsunami waves according to the scheme shown
in Fig. 4. Vertical (M, — OOP,) and horizontal (M, - OOP,) bending moments at collapse

were considered. According to the current Italian Building Code 2018 [23] the following
equation have been used for the vertical bending capacity

M_ -OOP = (CO x* xB xﬁj(l - % ] (7)

2 0.85f,

being o, the compressive stress acting on the cross-section, f, the masonry compressive
strength, ¢ the thickness, C, the opening coefficient and B the breadth of the masonry wall

exposed to the tsunami wave.

The horizontal out-of-plane bending capacity is evaluated by considering the arch effect of
the masonry walls. The mechanism is characterized by the expulsion of material from the top
area of the wall and the detachment of wedge-shaped bodies accompanied by the formation of
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oblique and vertical plastic hinges. It is the particular case in which the activation of the kin-

ematic mechanism is due to the crushing of the masonry at the plastic hinges, for the capacity
it can be assumed

t t

Mmax - OOI')h = fm >C0 xH XE Xf, f = E (8)

In Eq. (8), H is the height of the masonry wall, and f defines the position of the resultant of

the internal forces at the end cross-sections (Fig. 4). Note that, due to the assumption of a cer-

tain percentage of opening in the walls, to consider a reduced resisting area, the opening coef-

ficient has been assigned in the evaluation of the capacity. Further, an opening coefficient has

been adopted in the evaluation of the tsunami forces. These two coefficient may be different

because one depends on the inundation depth while the other one depends on the dimensions
of the wall.

Vertical OOP bending R Horizontal OOP bending
v
— B«
—3 -
= fE |4 (I
h EEE or EE va
% % tI Fﬁl.miﬂ }J
— = 5
Q & w
!

Figure 4: Analysis scheme of the evaluation of the out-of-plane response
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7.2 In-plane behavior

The in-plane bending moment and shear capacities are obtained according to the scheme
shown in Fig. 5. Given the pressure induced by the wave on the walls encountered out-of-
plane (see again Fig. 5), it is possible to evaluate the demand in terms of in-plane shear and
the in-plane bending moment in the walls not directly hit by water. Differently from the case
of seismic analysis with forces applied as concentrated loads at floor level, in the case of tsu-
nami forces, the application point of the tsunami loads depends on the inundation depth and
the distribution of the forces cannot be done depending only by the stiffness of the walls. Ac-
cording to the scheme of Fig. 5, given two walls separated by a hole, it has been observed that
the majority of shear forces are absorbed by the first wall (bsx) and the shear contribution in
the second wall (bdx) are often negligible. Results of numerical parametric analyses to prove
this are shown in [24].

In-plane bending and shear

S AAARUARAARRARAARRAARYE

or

g A NAARRAARA
& [LLITIITUITI

£

Figure 5: Analysis scheme of the evaluation of the in-plane response

The capacities in terms of bending moment and shear are derived by the equations proposed
by the Italian Building Code 2018 as follows:

M —IP =|C, x| 1-—Z )
2 | " o0ssy,
1.5
Vo=C, xxx2te 14 (10)
b 157,

Eq. (9) provides the bending moment capacity for a given axial load. Eq. (10) expresses the
shear capacity related to the diagonal shear failure in agreement to the Turnsek-Cacovic fail-
ure criterion, 7, is stress corresponding to the average shear strength.
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8 FRAGILITY CURVES

The aim of adopting probabilistic scenarios both for the determination of random excita-
tions and the evaluation of the structural capacity is a common and efficient approach used by
several authors [7, 25, 26].

The proposed procedure for obtaining fragility curves is based on a Monte Carlo simula-
tion with random input, random structural geometry and random mechanical characteristics of
the materials. Random variables are generated within a specific range and distribution as
shown in Tab. 1.

Inundation depth range has been defined from 1 m to 4 m assuming increase intervals of
0.5 m. For each value of inundation depth 4, random values of the flow velocity and the mo-
mentum flux were generated so that, for a given value of inundation depth, a number of dif-
ferent tsunami loads were calculated. Tsunami loads (hydrostatic, hydrodynamic and
impulsive components) were also influenced by the variables B and Co (Eq. 3). For the in-
plane actions, tsunami loads were calculated depending on the area of influence and then they
were applied to the walls parallel to the tsunami flow according to the scheme in Fig. 5. The
presence of openings on the walls were considered assuming the values of the width: 1 m, 1.5
m or 2 m.

For each analysis case, depending on the thickness t of the walls and the compressive and
shear strength of the masonry, the capacity (collapse damage state) was calculated by Eqgs. 7-8
and 9-10 (some results are shown in Fig. 6 that refers to M1 type buildings).

Properties Variables Range/mean/standard deviation Distribution

4m-7m,4m-7m, 0.4 m-0.6 m-(M1)
B Lt Am-6m,4m-6m,0.3 m-0.5m -(M2)

Geometry Uniform
4m-6m,4m-6m, 0.4 m-0.7m -(M3)

Opening coefficient Co 0.5-1

1.8 MPa (mean); +0.8 MPa (standard
deviation) - (M1)
2.3 MPa (mean) +0.9 MPa (standard
fm
deviation) - (M2-M3)
Materials Gaussian
0.037 MPa (mean) +0.019 MPa (stand-
To
ard deviation) - (M1)
0.054 MPa (mean) = 0.026 MPa (stand-

ard deviation) - (M2-M3)

Tsunami Flow velocity u u=07u, +u_
Uniform
loads Impact coefficient a 1-15

Table 1: Random variable and uncertenties.

For each action, regression analysis of the logarithm of inundation depth — EDP pairs al-
lowed the definition of polynomial fitting laws that were used for the calculation of the loga-
rithm of the inundation depths related to the collapse damage state for a given capacity (Fig 7
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refers to M2 type buildings). Each recognized logarithm of the inundation depth was assumed
as median value. At this point, log-standard deviations of the demand (fp) were evaluated
calculating the dispersion of the logarithms of inundation depth - EDP simulated data with
respect to the regression fit according to Karafagka et al.[5], while the log-standard deviations
of the capacity (fc) (for each capacity associated to the collapse state and therefore depending
on the median values of h, .., , h, _oop > My _p» ) Were determined based on the dis-

max

persion of the results themselves (Fig. 8 refers to M1 type buildings).
For the intermediate damage states (slight, moderate, extensive) the same procedure was
applied, evaluating the capacities as a percentage of that obtained at collapse.
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800 — 800

400

Capacity (moments and shear) [kNm-kN]

0 20 40 60 20
Case number

Figure 6: Capacity values obtained from different analysis cases
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Figure 7: Logarithm of inundation depth-logarithm of internal actions pairs

1942



Panagiotis G. Asteris, Marco F. Ferrotto and Liborio Cavaleri

25 25
o o oM1-B.=022

24 Moop.y M Vi Me 2

QOP-h

-
]
-
3y

In h (collapse)

[E]
(e}
5]
O &
8
Feo
t
Bo&s
§
[} %Oooo
Q%%o h
58
£
o5

&
% éﬁo
oQo D P f
%@%%%’ ﬁ 5 > ® @5
% ©oB %o o
o © o
o o
0 |
0 100 200 300

Case number

Figure 8: Logarithm of inundation depth at the collapse state.

Comparisons in terms of fragility at collapse state for the three typologies of buildings are
shown in Fig. 9a.

The consistency in the results can be observed by the differences between the higher fragil-
ity expressed by the masonry type M1 with respect to the masonry type M2. Although the M1
type has walls with a thickness greater than that of the M2 type (0.4 m - 0.6 m against 0.3 m -
0.5 m), the higher mechanical characteristics of the masonry compensates for its performanc-
es. In addition, the reduced lengths of the walls exposed to the tsunami actions reduce the tsu-
nami forces as they are related to the exposure of the building to the wave. Another
substantial difference in the capacity is due to the differences in the dimensionless external
axial load acting on the walls. M1 type buildings, with wooden floors, have lower dimension-
less compressive stress levels compared to buildings with reinforced concrete slabs which
(around 0.1 for M1 compared with around 0.2 for M2). This effect is more important in the
case of buildings type M3, in which although the thicknesses is slightly higher, the normal
stress level still increases (about 0.35), influencing positively their capacity. In fact, masonry
buildings with two or more storey resulted much stronger (lower vulnerable) with respect to
single-storey masonry at the same inundation depth. These achievements are in accordance
with empirical observations available in the literature [14].

In Fig 9 b, ¢, d the fragility curves obtained for the four damage state considered are shown
for all the masonry types.
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Figure 9: Fragility curves for the building typologies of Marzamemi. Comparisons at collapse state (a); Fragility
at different damage state for single-storey masonry type M1 (b) and M2 (c¢) and multi-storey masonry type M3 (d)

9 CONCLUSIONS

In this paper, an analytical procedure for the determination of fragility curves for single-
storey and multi-storey masonry buildings is presented and discussed assuming as study area
a small fishing village of the Mediterranean coast, Marzamemi, Sicily. The proposed proce-
dure is applied to a specific study area but can be generalized for other sites because the defi-
nition of tsunami forces is decoupled from specific tsunami hazard inundation scenarios.
Obviously, in the case of sites different from that studied, a proper definition of the building
characteristics needs. The proposed procedure allows defining the fragility curves at collapse
state considering the uncertainties in the evaluation of the capacity and the demand and relates
the intermediate damage state as a percentage of the capacity at collapse.
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