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1. INTRODUCTION

The overarching goal of the MEDEA project is to enhance cross-border disaster risk management by
focusing on prevention and preparedness in Europe and neighboring EU countries. Specifically, the
project aims to mitigate the impact of seismic events and enhance resilience, defined as the capacity
to withstand, absorb, adapt to, and recover from earthquakes efficiently and promptly. To achieve
this objective, the project proposes developing an intelligent system for multidimensional seismic
risk assessment in cross-border regions. Using artificial intelligence, this system aims to estimate
earthquake-induced losses by predicting structural damage, such as building collapses, while also
forecasting the psychological ramifications for affected individuals. Integrating psychological
consequences, the project will investigate familial and individual factors and relational and
contextual aspects that may exacerbate psychological distress among family members in the
aftermath of seismic events. By assessing potential medium and long-term psychological effects on
those involved in earthquakes, the project seeks to identify high-risk families susceptible to
psychological distress, thereby anticipating and preventing the onset of post-traumatic stress
disorder (PTSD).

Within the framework of the MEDEA project, the specific objectives Work Package 3 “Benchmark
structures, EDPs, and representative families” are: i) ldentification of benchmark structures; ii)
Selection and calculation of the best EDPs to quantify the effect of seismic actions on structures; iii)
Identification of the representative families. This deliverable focuses on the definition of classes of
structures having similar characteristics in terms of materials and geometry, the definition of the
EDPs used to quantify the effects of seismic actions, and the criteria used to define benchmark
structures and to determine the values of their EDPs.

This deliverable is organized as follows: Section 2 presents the criteria used to define new classes of
structures. Section 3 defines a metric among structures used to establish whenever further
benchmark structures have to be added and provides the procedure to evaluate their EDPs and

capacity PGAs. Finally, Section 4 presents the conclusion.
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2. DEFINITION OF NEW CLASSES OF STRUCTURES

Within the project, each structure is identified by a set of technical parameters (TPs) that are used
in the eXplainable Artificial Intellicence (XAl) algorithm to determine the seismic capacity of a given
structure. In particular, XAl uses TPs to assess similarity between a given real structure and the
structures belonging to a certain class. Then, engineering demand parameters (EDPs) and seismic
capacity of the real structure is evaluated based on the capacity of the benchmark structures
belonging to the class. This procedure requires that structures are divided in classes based on their
TPs. Each class is identified by a specific set of TPs. When it is necessary to evaluate the seismic
capacity of a structure that can’t be represented by the TPs of the classes previously defined, it is
necessary to define a new class. For example, retaining walls can’t be defined by the same TPs used
for masonry and reinforced concrete building structures, therefore a class of retaining wall
structures had to be defined in order to determine their seismic capacity. The definition of a new

class requires the following steps:

- Identification of the typology of structures to be included in the class. The typology of the
structures to be included in the class has to be accurately defined in terms of type of
structural elements, geometrical properties, typical structural response and failure

mechanisms.

- Identification of the structural data that describe the geometrical and mechanical properties

of the structures of the class.

- Identification of the representative TPs. Based on the structural data a number of TPs is
derived. While the number of structural data can be different for different structures
belonging to a certain class (e.g., the number of TPs of reinforced concrete structures is
different from that of masonry structures and retaining walls), the number of TPs has to be
the same for all the structures belonging to the class (e.g., for multistorey buildings, global
TPs have to be properly defined, since the number of TPs cannot depend on the number of
storeys or on the structure geometry). The choice of the TPs is not unique: different sets of
TPs have to be processed in order to determine (via XAl, as described in Deliverable 4.1) the
set providing the best results in terms of correlation between TPs and EDPs and seismic
capacity. Typical TPs are the seismic masses, average stresses produced by gravity loads,

stiffnesses, natural period, and material and soil characteristics.
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- Identification of the engineering demand parameters (EDPs) that measure the effect of a
seismic action on the structures of the class and the criteria to obtain the seismic capacity
based on the EDPs. The choice of the EDPs is strongly related to the type of structural
elements (e.g., EDPs characterizing the reinforced concrete columns are different than those

characterizing the reinforced concrete beams, masonry panels, etc.).

- Construction of a dataset of benchmark structures that represent the characteristics of the
structures belonging to the class. Each benchmark structure is identified by a specific set of
values of TPs. In order to obtain a complete representation of the structures of the class, a
range of typical values of each TP have to be established. Each benchmark structure is then
identified by a combination of values of TPs within their specific ranges. A wide number of
significant combinations of TPs has to be defined in order to represent properly the different

configurations of the structures in the class.

- Structural analysis of benchmark structures with the aim of obtaining their EDPs and capacity
PGAs. The type of analysis to be performed depends on the characteristics of the structures.
For all type of structure, the capacity PGAs, including the values corresponding to the
damage control and collapse prevention damage states (life-saving limit state and collapse
limit state) have to be computed. In these conditions, the structure experiences large

inelastic deformations, therefore nonlinear structural analysis is recommended.

Finally, the dataset of benchmark structures of the class will include the values of the TPs and, for

each set of TPs, the values of the associated EDPs and PGAs.

3. NEW BENCHMARK STRUCTURES IN AN EXISTING CLASS

3.1 Necessity of new benchmark structures

The XAl algorithm estimates the EDPs and the PGAs of a real structure based on similarity criteria
between the TPs of the real structure and the TPs of benchmark ones included in the current dataset
(current knowledge). The estimate of the capacity PGAs of a real structure provided by the XAl
model is more accurate if the real structure is well represented by the benchmark structures in the
current dataset. Hence, higher accuracy is obtained if the class of structures contains benchmark
structures with TPs similar to those of the real structure. Conversely, estimate of the capacity PGAs

of a real structure whose TPs are different compared to those of benchmark structures in the
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current dataset may be inaccurate. In this case the current dataset has to be improved by adding
new benchmarks with TPs similar to those of the real structure under analysis. As a particular case,
the real structure can be used as one of the new benchmarks. Figure 1 schematically shows a class
of structures containing a certain number of benchmark structures, each represented by a red point.
In this figure, a real structure is represented by a yellow square. In Figure 1a, the real structure is
well represented by the current dataset, since several benchmark structures are close to it.
Conversely, the real structure shown in Figure 1b is not well represented by the current dataset,
since its distance with respect to the benchmark structures is high. In the first case, the XAl model

provide a better estimation of the capacity PGAs of the real structure than in the second case.

Current dataset Current dataset

® Benchmark structure
O Real structure

(b)

Class of structures Class of structures

Figure 1. Distances between a real structure and benchmark structures. (a) Real structure is well represented by
benchmark structures. (b) Real structure is not well represented by benchmark structures.

The definition of a metric in the space of the TPs, representing the distance between structures, is
used to determine whether or not new benchmarks should be added to the dataset. In this project,
the distance between a real structure and the generic /" benchmark structure is defined based on
the TPs as

d, - (1)

where n is the number of TPs representing each benchmark and real structure of the class,

p’ =[Ef,;_)2’,...,;_),{] is the array collecting the normalized TPs of the j" benchmark structure and

4=[9,,G,,.-.G,] is the array collecting the normalized TPs of the real structures. Normalized TPs

are defined such that each normalized TP of benchmarks is within the range [0;1], as

p’ _—} for benchmark structures (2)
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g = L for real structures (3)

max {p/}

j=1,..m

where m is the number of benchmarks in the current dataset, p":[p{,p;',...,p” and

q=[q1,q2,...,qn] are the arrays collecting the TP of the j/ benchmark and real structures,

respectively. The level at which a real strucutre is represented by the current dataset is based on

the average distance of the real strucutre from benchmarks:

-13, (@)

j=1

1
g
and by the distances of the benchmark structures closer to the real one.

However, when parameter D is above a thresold value, the system can still determine the capacity
PGAs even though results could be unsatisfactory. In this case the system will provide an alert
suggesting to improve the current dataset.
Figure 2a shows a real structure which is not well represented by benchmark structures of the
current dataset.

Current dataset Improved dataset
® Benchmark structure

O Real structure
® New benchmark structure

Class of structures Class of structures

Figure 2. Distances between a real structure and benchmark structures. (a) Real structure is not well represented by
benchmark structures in current dataset. (b) Improve of the dataset by adding new benchmarks.

In order to improve the accuracy of the estimation of its EDPs and PGAs, new benchmarks were
added to the dataset. These are represented by the blue points in the improved dataset shown in
Figure 2b. The TPs of new benchmarks were chosen similar to those of the real structure. The
number of new benchmarks needed depends on the distance D, the distances d; and the level of
similarity of the TPs of new benchmarks with the TPs of the real structure. New benchmarks are
continuously stored in the dataset and the improved dataset constitutes the current dataset for
future seismic assessments. Thus, the system will continuously improve its accuracy in estimate

EDPs and PGAs. Figure 3 schematically shows the procedure described.
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3.2 Computation of EDPs and capacity PGAs

When a new benchmark structure is introduced in a current dataset, its EDPs and PGAs have to be
computed via structural analysis and introduced in the dataset. The procedure for computing EDPs
and PGAs depends on the type of structures. The procedures used for structures of reinforced

concrete and masonry buildings and for earth retaining walls are summarized hereinafter.

D is lower than a Estimate of EDPs and PGAs
threshold value based on current knowledge
N1 — . Evaluation of Estimate of EDPs and PGAs
Real structure distances djand D
based on current knowledge
(Parameters p) with low accurac
D is greater than v
a threshold value
Definition of TPs of new _
benchmarks
. Estimate of EDPs and PGAs
Evaluation of D is lower than a
-— _s — s ;
distances djand D threshold value based on improved
knowledge
Improved dataset
/T\ ’ EDPs and PGAs of Structural analyses
- B —
new benchmarks of new benchmarks

Figure 3. Necessity to improve the dataset of benchmark structures in a class.

3.2.1 Building structures
Structural analisys

For building with reinforced concrete and masonry structures, nonlinear pushover analysis
according to the N2 method ([1], [2]) was used. In pushover analyses, the displacement d. of a
control point (typically the center of mass of the upper floor, named top displacement)

monotonically increased and the total lateral force, named base shear, associated with any
displacement is computed (Figure 4). The total lateral force is applied according to a distribution

proportional to a displacement shape ¢
F, =om;; (5)

where a is a factor, F;is the force applied to the it" mass mj, whose displacement in the displacement
shape ¢ is @i (i=1,2,...N, where N is the number of degrees of freedom of the system). The result of
the pushover analysis is the relation between the top displacement d. and the base shear V,, (Figure

4), named capacity curve (dc-Vp). The peak base shear is denoted with Vp, and the corresponding

9
i LE[%E ZVEZA SLOVENIJE
@ UNIVERSITA - - Co-funded by the
E*CAMPL_IS DI PisA ;jg\l’;‘!lf@RS’{A European Union

Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the
European Union. Neither the European Union nor the granting authority can be held responsible for them.



% MED A MULTIDIMENSIONAL SEISMIC RISK ASSESSMENT COMBINING STRUCTURAL DAMAGES AND

ot gt PSYCHOLOGICAL CONSEQUENCES USING EXPLAINABLE ARTIFICIAL INTELLIGENCE

essm
e b st e

top displacement is denoted with d . A typical capacity curve is shown in Figure 5. At any step of

the pushover analysis (i.e., for any value of d), the values of the EDPs are recorded and associated

with the corresponding values of top displacement and base shear.

Figure 4. Pushover analysis (from [3]).

Since the levels of damage D1, D2, D3, and D4 (Deliverable 3.1) are associated with specific values
of the EDPs, the top displacements (dc1, dc2, dcs, and dcsa) and base shear corresponding to the

levels of damage D1, D2, D3, and D4 can be identified in the capacity curve, as shown in Figure 5.

Vi
Vbu '__/-—0\'
/ D3 DA\
D2
D1
da  do des d das de

m

Figure 5. Capacity curve.

Levels of damage

For masonry structures, capacity is defined in terms of roof displacement d.. In the MEDEA project,
the indication given in [4] and [5] have been followed to determine displacements for each one of

the four limit states defined in Deliverable 3.1. In particular, for D4, D3 and D2 reference has been
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made to Annex C, Sec. C4.2 of [4], while for D1, being the limit state of operation not considered in
[4], the provisions reported in [5] have been adopted. Assessment criteria are reported in the

following:

e SLC (D4): displacement dca is taken equal to the roof displacement at which the total lateral
resistance (base shear) has dropped below 80% of the peak resistance of the structure (base
shear equal to 0.8V, Figure 5).

e SLV (D3): displacement dcs is taken equal to 3/4 of the ultimate displacement capacity
evaluated for SLC (D4).

e SLD(D2): for the damage limit state, displacement d.; is defined as the yield point (yield force
and vyield displacement) of the idealized elasto-perfectly plastic force - displacement
relationship of the equivalent Single-Degree-of-Freedom system (see next Section).

e SLO (D1): for the limit state of operation, the displacement d.1 is equal to 2/3 of d.
Capacity of reinforced concrete structures, defined in terms of displacement, has been determined,
for each one of the abovementioned four levels of damage, according to the indication given in [4]
and [5]. In particular, for D4, D3 and D2 reference has been made to Annex A, Sec. A.3 of [4], while
for D1, being the limit state of operation not considered in [4], the provisions reported in [5] have
been adopted. It is worthwhile recalling that failure mechanisms of reinforced concrete structure
are defined as ductile (i.e., those of beams, columns, and wall under flexure with and without axial
force) and brittle (i.e., those related to shear mechanisms of beams, columns, walls, and joints).
Assessment criteria are reported in the following:

e SLC (DA4): displacement des is defined as the roof displacement at which

o the chord rotation (EDP) of one structural element attains its chord rotation capacity
Oum for ductile mechanisms;

o the shear force (EDP) in one structural element attains its shear resistance Vg
calculated in accordance with Sec. 5.2.4 of [6] or the strength in a beam-column joint
is attained for fragile mechanisms.

e SLV (D3): displacement d is defined as the roof displacement at which

o the chord rotation (EDP) of one structural element attains 3/4 of its chord rotation

capacity Oum for ductile mechanisms;
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o for fragile mechanisms the verification against the exceedance of this limit state is
not required, unless it is the only one to be checked. If this is the case, provisions
relevant to SLC (D4) applies.

e SLD (D2): displacement d.; is defined as the roof displacement at which

o the chord rotation (EDP) of one structural element attains its chord rotation at
yielding 6, for ductile mechanisms;

o for fragile mechanisms the verification against the exceedance of this limit state is
not required, unless it is the only one to be checked. If this is the case, provisions
relevant to SLC (D4) applies.

e SLO (D1): for the limit state of operation, the displacement is defined by the attainment of a
chord rotation equal to 2/3 of the one considered for SLD (D2).
Computation of the capacity PGAs
Top displacements dq, de, dcs, and dcs are associated with the values of PGA producing their
attainment using the procedure described hereinafter ([3], [7]).

From the capacity curve d_—V, of the structure, the capacity curve d: —Vb* of an equivalent single

degree of freedom (SDOF) system having mass m” is obtained by dividing the top displacement and

the shear base by transformation factor I' [2] (Figure 6):

d
—— v,
Vb —_b
m v, L —— o D4
bu
D3 \'\
D2
D1
d; _%
SDOF ‘— e r
_— d:l ;z dc3 d:n dc4
Vb Vb'
Figure 6. Equivalent SDOF.
m =¢ M1 (6)
« d
d === (7)
r
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where M is the mass matrix, ¢ is the array of displacements representing the displacements
shape, normalized such that its maximum value is equal to 1.

The capacity curve d. -V, of the SDOF system is then converted to an equivalent bilinear

(elastoplastic) capacity curve d: —F" (Figure 7).

d;
Vb* =v—b Vb.'F*
. r
m D3
Voppmrm—————— 0 D4 F, —
D2 \'\ 02 —""103 | ;N\
D1 D1
k* T
E,

d: :d_r d: = i

SDOF o I L r

. d:l d:z d:S d; d:d dz:l ch d; dc3 d:n dcll

Figure 7. Equivalent bilinear SDOF.

The bilinear capacity curve is characterized by a yield displacement d; and a plateau force Fy*. Fy* is

defined as
* * V
F, =V, =2 (10)

whereas d; is determined by enforcing that the areas under the actual and idealized capacity

curves up to d,*n are equal:

*

* * Em
d; =2/ d, = (11)

y

where E; is the deformation energy up to d; (Figure 7). The period T of the idealized equivalent

bilinear SDOF system is

T =21 (12)
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Displacement d. associated with the level of damage Di (i=1, 2, 3, 4) of the capacity curve

corresponds to displacement

Q

*

d. == (i=1, 2, 3, 4) (13)

cl

|

in the equivalente SDOF and bilinear SDOF. The PGA of the spectrum producing a maximum
displacement equal to d; is the PGA producing the level of damage Dj, i.e., the capacity PGAp,. The
procedure for obtaining the capacity PGAs was based on the pseudo-accleration elastic response

spectrum S, (T) defined by Eurocode 8 [7], where T is the natural period of the elastic SDOF system
and S, is the maximum pseudo-acceleration of the mass of the SDOF system. The displacement

elastic spectrum S, (T) is obtained from S, (T) as

$4(T)="=54(T) (14)

In these spectra, Tc denotes the end of the constant branch of S, (T)

If 7 >T_ (Figure 8), the displacement of the of the elasto-plastic SDOF is equal to the displacement
of an elastic SDOF having the same stiffness [8]. Thus, in this case, among several spectra (each one
corresponding to a PGA), the spectrum producing a maximum displacement equal to d;. is
determined as the one passing through the point with coordinate d;. on the straigth line

representing the period T* in the acceleration-displacement plane (Acceleration-Displacement

Response Spectra, ADSR, Fiigure 8b). The PGA of this spectrum is PGAp; (Figure 8c).

Sa SU
LA T
A/
PGA
4r?
Tiz
t pe Y pe

(a) ! (b) ’

Figure 8. Determination of the capacity PGAp; for T~ >T . (a) point corresponding to d:,. in the acceleration-
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displacement plane. (b) Acceleration-Displacement Response Spectra and PGA associated with d:,. (c) Pseudo-

acceleration spectra S, (T) and PGA associated with d; .

If T*<TC (Figure 9), the displacement of the of the elasto-plastic SDOF is greater than the

displacement of an elastic SDOF having the same stiffness [9].

S S . Sa
T / T
T <7, i ]
/
/
/
A A
/
PGADi ) PGAD\’
Tcl
T*z ’ ’
* l . iy
d d Sd d d Sd T T

(a) e,ci ci (b) e,ci ci (C)
Figure 9. Determination of the capacity PGAp; for T <T._. (a) point corresponding to d:,a in the acceleration-

displacement plane. (b) Acceleration-Displacement Response Spectra and PGA associated with d:,.. (c) Pseudo-

acceleration spectra S, (T) and PGA associated with d; .

The displacement d, _ of the elasto-plastic SDOF can be related to the displacement d_ __ of an

e, max

elastic SDOF having the same stiffness as

. d
d _=—2""11 1 15
max q |: +(q )T :| ( )
where
S(T7)m’
q:a(,__—*) (16)

Therefore, in this case, among several spectra (each one corresponding to a PGA), the spectrum
producing a maximum displacement equal to d:,. for the elasto-plastic SDOF is determined as the

one passing through the point with coordinate

d =d—9 (17)
T,
1+(q—1)Tg

on the straigth line representing the period T* in the acceleration-displacement plane (Acceleration-

Displacement Response Spectra, ADSR, Figure 9b). The PGA of this spectrum is PGAp; (Figure 9c).
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3.2.2 Earth retaining flexible walls
For earth retaining flexible walls, only the PGA producing the collapse of the wall, named PGAc, was
considered. Thus, when adding a new benchmark retaining wall to the class, its PGAc has to be

computed and introduced in the dataset.

Within the project, the collapse PGA of a retaining flexible wall was determined using finite element
(FE) formulations of the limit analysis ([10]-[13]). The use of the of limit analysis theorems in a FE
formulation allows to effectively determine the collapse PGA as a function of the TP describing the
geometry of the wall and anchors and the soil properties. The collapse mechanism, i.e., the field of

displacements. can also be associated with the collapse PGA.

In the Finite Element (FE) formulations of the limit analysis, the seismic action is represented by a
system of horizontal accelerations whose intensity is the product of a multiplier k; by the
gravitational acceleration g (Figure 10). Multiplier kx is increased until a state of incipient collapse is
attained: in these conditions the soil-structure system fails because the equilibrium is no longer

possible.

The value of k associated with the collapse of the system is referred to as the collapse multiplier
and denoted with k.. The upper— and lower—-bound solutions of FE limit analyses identify the

horizontal critical accelerations g-k., and if sufficiently close to each-other, allow defining

accurately the sought solution to the plastic collapse problem, also providing the plastic mechanism,

i.e., the displacement field when collapse occurs. The collapse PGA is evaluated as
PGA, =gk, (18)
Different collapse mechanisms were considered, as described in Deliverable 3.1.

strut
(fixed end anchor)
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5. CONCLUSION

This deliverable provides criteria to define the new classes of structures and the new benchmark
structures in an existing class. Each class includes structures that can be described by the same set
of technical parameters (TPs). A new class of structure must be defined when it is necessary to
evaluate via explainable Artificial Intelligence (XAl) the seismic capacity of a structure that can’t be
represented by the technical parameters (TPs) of the classes previously defined. The set of
benchmark structures of a class has to be improved by adding new benchmark structures when it is
necessary to evaluate via XAl the seismic capacity of a real structure with TPs different from those
of current benchmark structures. The addition of new classes and new benchmarks continuously
enlarges the knowledge base improving the accuracy of the XAl model to estimate the seismic

capacity of real structures.
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